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Foreword

André J. Veldmeijer

PalArch Foundation Amsterdam; Natural History Museum Rotterdam, The
Netherlands, veldmeijer@palarch.nl

When Professor Ashraf Elewa asked me to start this volume on predator
prey interactions, I felt privileged. As a palaeontologist, I came in contact
with Professor Ashraf Elewa when corresponding on his previous book on
morphometry. Currently, Professor Ashraf Elewa works at Minia
University in Egypt, as president of the Palaeontology Group of the
Geology Department of the Faculty of Science. Egypt, including Amarna
at the opposite side of the river Nile of Minya, also happens to be the focus
of my archaeological research on ancient Egyptian leatherworks. It’s a
small world.....

The science of palaeontology has changed considerably over the last
few decades. The use of powerful techniques and high tech tools such as
X-rays and CT-scanning enables the palacontologist access to information
previously not within reach. Furthermore, scientists look more and more at
other sciences, borrowing whatever may give new impulse to their
research. These developments have, for instance, resulted in the extensive
use of cladistics, but also provoked a shift in palaeontology from the more
descriptive way of the early pioneers towards a more ‘experimental’
approach nowadays. More and more, palacontologists focus on the animals
itself, trying to reconstruct their way of life: behaviour, reproduction, food
gathering etc. rather than regard the taxonomy as the ultimate goal. Ideally,
a holistic approach could follow, combining data from other disciplines
such as palaeobotany and (palaeco)geology but also biological sciences of
the present-day fauna. To get insight in a complex system as predator-prey
interactions, this is an absolute necessity or, as Richard K. Bambach put it
in his foreword to Kelley’s et al. ‘Predator-Prey Interactions in the Fossil
Record’(2003): “It will only be by compiling and evaluating data on
predator-prey relations as they are recorded in the fossil record that we can
hope to tease apart their role in the tangled web of evolutionary interaction
over time.”

The present volume is just such a work in its totality but within the
various chapters as well. The myriad of topics discusses predation in both
invertebrates and vertebrates, in a variety of ways and on various levels.
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Examples of studies that combine fossil and modern-day animals are the
study on feeding strategies of fossil Ostracoda compared to modern
analogues, and a paper in which modern and fossil shells as indicator of
biotic interactions are compared. A paper on biological control of
mosquito populations shows that the focus is not entirely on the fossil
record. A more theoretical paper deals with the evolutionary consequences
of predation. Due to a biased fossil record, which favours fossilization of
invertebrates, as remarked by Carpenter et al. (2005: 325): “Unequivocal
evidence of predator-prey relationships in the vertebrate fossil record is
rare owing to the vagaries of preservation and the difficulties of
interpretation.” This comes not entirely as a surprise given the better
fossilization changes of invertebrates such as shells and the larger number
of individuals. Nevertheless, the present volume includes various chapters
in which feeding and predation in vertebrates are being discussed with a
remarkable variety in topics, ranging from a study on predation in fossil
eggs, predation tactics in flightless birds and non-avian dinosaurs to an
overview of predator-prey interaction in pterosaurs. Not only will this
book be of great value to invertebrate palacontologist, it will also provide a
challenge for those working in the field of vertebrate palacontology.

References
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Predator-Prey Relationships. Examples for Allosaurus and Stegosaurus. In
Carpenter K (ed) The Carnivorous Dinosaurs. Bloomington/Indianapolis:
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1 An introduction to predation in organisms

Ashraf M. T. Elewa

Geology Department, Faculty of Science, Minia University, Egypt,
aelewa@link.net

Predation is considered as one of the distinct phenomena related to
relations between species to each other on the Earth. According to the
Wikipedia, the free encyclopedia, predation is an interaction between
organisms (animals) in which one organism captures and feeds upon
another called the prey. Some others consider predation as an interaction
between two species in which one of them gains and the other loses. As to
me, | define predation as a phenomenon of “Antagonism”.

There are several predators living on the Earth, ranging in size from
micro-creatures, like ostracods, to big mammals like lions and tigers. Of
course, we, humans, think of these big cats as well as reptiles, like
crocodiles and snakes, as typical predators. However, spiders, centipedes,
most lizards and turtles, and frogs are also voracious predators, some of
them are  dangerous to  humans (see the  Wikipedia:
http://en.wikipedia.org/wiki/Predation). In general, predation is widespread
not only in wildlife but also in marine environments where big fishes eat
small fishes and other small organisms of the sea.

Anyhow, some important questions arise to mind when discussing this
subject: what is behind predation? Why some predators do not benefit
from their prey after killing them? Are there genetic origins of this
antagonism between organisms? Why some female organisms kill their
males after completion of sex? How can we avoid predation? We, editor
and contributors, tried to answer these questions through the study of many
aspects of predation as well as some relations between species to each
other.

In the following I am presenting a summary of the most important books
on predation in the last forty years.

Since 1969, when James Frederick Clarke published his book “Man is
the prey”, predation has taken a substantial consideration by many
scientists on different groups of organisms. Chimpanzees (Teleki 1973),
arthropods (Hassell 1978), fishes (Noakes 1983), red foxes and breeding
ducks (Sargeant et al. 1984), coyote (Leydet 1988), wolves and black-
tailed deers (Atkinson and Janz 1994), reptiles (Cloudsley-Thompson
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1994), fish-eating birds (Russell 1996), chimpanzee and red colobus
(Stanford 1998), ladybird beetles (Dixon 2000), barn owls (Taylor 2004).
However, the book by Michael Bright (2002) on the “Man-eaters” is the
most interesting to read. This book describes horrifying true stories of
savage, flesh-eating predators and their human prey. Nonetheless, this
book is mentioning just stories about predators of human without
discussing scientific hypotheses related to this phenomenon.

Geza Teleki has spent two years observing wild chimpanzees at very
close quarters in the Gombe National Park of Tanzania. He has compiled
his report on predatory behavior, based in part upon a decade of
observations by a research team living in the park, but primarily upon
numerous episodes he observed since early 1968. For details on the
predatory behavior of wild chimpanzees see Teleki (1973).

Sargeant et al. (1984) stated that the average annual take of adult ducks
by foxes in the midcontinent area was estimated to be about 900,000. This
estimate included both scavenged and fox-killed ducks, as well as ducks
taken after the denning season. Fox impact on midcontinent ducks was
greatest in eastern North Dakota where both fox and duck densities were
relatively high. Predation in that area was likely increased by
environmental factors, especially intensive agriculture that concentrated
nesting and reduced prey abundance. Predation by red foxes and other
predators severely reduces duck production in the midcontinent area.
Effective management to increase waterfowl production will necessitate
coping with or reducing high levels of predation.

Atkinson and Janz (1994) concluded that black-tailed deer provided
most of the wolf diet on Vancouver Island, while elk and beaver were
secondary prey sources. They added, furthermore, that mortality factors,
other than wolf predation (cougar, black bear, hunter harvest, winter kill),
were not responsible for initiating deer declines in their study area.

Stanford (1998) argued that the chimpanzees are familiar enough--bright
and ornery and promiscuous. But they also kill and eat their kin, in this
case the red colobus monkey, which may say something about primate,
even hominid, evolution. This book is based on a first long-term field
study of predator-prey relationship, involving two wild primates,
documents a six-year investigation into how the risk of predation molds
primate society.

Dixon (2000) clued that ladybird beetles have long been used in the
biological control of insect pests, but as with many biological control
agents, they have not always been succesful. Dixon’s book explores the
biology and interactions of these predators and their prey to develop a
better understanding of what makes a successful predator for biological
control.
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Reyment and Elewa, in Kelley et al. (2002), concluded that identifiable
evidence for predation on fossil ostracods is limited to the drilling
gastropods of the families Naticidae and Muricidae. It is worth to mention
that this edited book, which is titled “predator-prey interactions in the
fossil record”, covers several aspects of predation that occurred during the
geological times, nevertheless, most of its chapters represent predation in
the past with little knowledge on recent organisms.

Taylor (2004), in his book titled “Barn owls predator-prey relationships
and conservation”, discusses the relationship between barn owls, their prey
and prospects for conservation.

To my surprise, the prey could be a predator not only on smaller and
weaker organisms but also on big predators. This is the case in Ostracoda,
where some ostracod species (especially Cypretta kawatai Sohn and
Kornicker) can be effective predators in laboratory experiments on 1- to 3-
day-old Planorbis glabratus Say (= Biomphalaria glabrata), a vector snail
of the blood fluke that causes the tropical and subtropical disease
schistosomiasis (see Sohn and Kornicker 1972, 1975). The question arises
to mind is “how these tiny creatures can do that?” It seems that ostracods
so irritated adult snails that the snails left the water, then weakened, and
either died or returned to the water and were killed by ostracods (Kawata
1971).

Dr. Richard Reyment of the Swedish Natural History Museum declared
that Dr. Emma Johnston, Biology faculty of Sydney University, is leading
a group dealing with environmental degeneration in Sydney Harbour. Her
group has identified an important predator on barnacles, namely a group of
flatworms. This is of potential interest for the ostracod world. Just how the
worms manage to obtain access to the soft parts of the barnacles is
currently under investigation.

Dr. Anne Cohen, of the Bodega Marine Laboratory (University of
California at Davis), informed me that she once saw some pet freshwater
ostracods that she kept in a jar on her desk kill snails that she put in the jar.
They would nibble away at the snail foot making the snail withdraw its
foot and eventually the snail died - possibly from being unable to move
and feed. The snails were of course much larger than the little ostracods.

At any case, as it is usual, most of the published books on predation just
focus on limited groups of organisms and could not answer several
questions concerning predation philosophy and predator-prey interactions.

Conversely, the present book introduces diverse organisms ranging from
small invertebrates to mammals and includes the most popular subjects
discussing predation in insects, mammals, fishes, ostracods and molluscs.
Furthermore, our book discusses predation as a phenomenon predominant
not only in recent life but also in the fossil record. All over all, I selected
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an excellent group of experts working on this phenomenon to discuss the
following main topics that are not collected together, I think, in any
published material in the past:

1. What is behind predation in organisms?

. Factors affecting predation in organisms.

. Predator-prey interaction.

. The distinct role of predation in keeping the environmental
equilibrium.

. Examples of predation in the fossil record.

. Examples of predation in marine and non-marine organisms.

. Avoiding and preventing predation.

. Interference between predators.

9. Herbivory, carnivory, cannibalism, parasitoidism, and parasitism.

10. Scavenging compared to predation.

11. Future trends in this subject.

On the whole, predation in organisms is one of the most popular topics
for students, at all levels, and professionals alike. Moreover, this effort
represents an up to date project ideas as well as a valuable synopsis of the
advancement of this branch of learning.
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West from USA; arranged alphabetically according to their countries). The
contributors are sincerely acknowledged for offering their time in
preparing their chapters for this book. As usual, exceptional appreciations
are due to the publishers of Springer-Verlag for their incessant facilities
they offered during editing this book. Finally, I am much indebted to the
people of Minia University of Egypt.

BN

o0 3 O\



An introduction to predation in organisms 5

References

Atkinson, KT, Janz D (1994) Effect of Wolf Control on Black-Tailed Deer in the
Nimpkish Valley on Vancouver Island, Ministry of Environment, Lands &
Parks, Wildlife Branch, Bulletin No. B-73

Bright M (2002) Man-Eaters. St Martins Pr

Clarke JF (1969) Man is the prey. Stein and Day, New York

Cloudsley-Thompson JL (1994) Predation and Defense Amongst Reptiles.
Serpents Tale Publishers

Craig BS (1998) Chimpanzee and Red Colobus: The Ecology of Predator and
Prey, Harvard Univ Pr

Dixon AFG (2000) Insect Predator-Prey Dynamics: Ladybird Beetles and
Biological Control, Cambridge Univ Pr

Hassell MP (1978) The Dynamics of Arthropod Predator-Prey Systems, Princeton
Univ Pr

Kawata K (1971) Survival studies of Biomphalaria glabratus in polluted waters.
Rockefeller Foundation Grant GA MNS 6846, Technical Report

Kelley PH, Kowalewski M, Hansen TA (eds) (2002) Predator-Prey Interactions In
The Fossil Record. Kluwer Academic/Plenum Publishers, New York

Leydet F (1988) The Coyote: Defiant Songdog of the West, Univ Oklahoma Pr

Noakes DLG (1983) Predators and Prey in Fishes: Proceedings of the 3rd Biennial
Conference on the Ethology and Behavioral Ecology of Fishes, Held at
Normal, Illinois, U.S.A., May 19-22, 1981, W Junk

Reyment RA, Elewa AMT (2002) Predation by drills on Ostracoda. In Kelley PH,
Kowalewski M, Hansen TA (eds) (2002) Predator-Prey Interactions In The
Fossil Record. Kluwer Academic/Plenum Publishers, 4: 93-111, New York

Russell T (1996) Assessment of the Problem of Fish-Eating Birds in Inland
Fisheries in England and Wales: Summary Report: Report to the Ministry of
Agriculture, Fisheries and Food (MAFF Project VC0104), Directorate of
Fisheries Research, Fisheries Laboratory

Sargeant AB, Allen SH, Eberhardt RT (1984) Red fox predation on breeding
ducks in midcontinent North America. Wildlife Monographs 89:1-41.
Jamestown, ND: Northern Prairie Wildlife Research Center Online.
http://www.npwrc.usgs.gov/resource/mammals/redfox/redfox.htm  (Version
02JUN99)

Sohn IG, Kornicker LS (1972) Predation of schistosomiasis vector snails by
Ostracoda (Crustacea). Science 175: 1258-1259

Sohn IG, Kornicker LS (1975) Variation in predation behavior of ostracode
species on schistosomiasis vector snails. Bull Amer Paleont 65 (282): 217-
223

Taylor 1 (2004) Barn Owls: Predator-Prey Relationships and Conservation
Cambridge Univ Pr

Teleki, G (1973) The Predatory Behavior of Wild Chimpanzees. Lewisburg,
Bucknell Univ Pr



2 Predation due to changes in environment:
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2. 1 Abstract

This study successfully interprets the ostracod provinciality associated
with the Paleocene-Eocene thermal maximum (PETM) in North and West
Africa and the Middle East. The results indicate that the West African
Province (after Elewa 2002b) demonstrates a distinct local turnover in
ostracod assemblages, due to predation activity associated with the high
temperature at the Paleocene-Eocene thermal maximum. Simultaneously,
the South Tethyan Province (after Elewa 2002b) exemplifies a minor
faunal change in ostracods as a result of oxygen depletion during the late
Paleocene-early Eocene interval. While, Egyptian ostracod assemblages
show evidence of faunal adaptability at the Paleocene-Eocene boundary.
On the whole, a reduced ostracod migration rate through the Trans-
Saharan Seaway has been detected between the WAP, from one side, and
the STP and Egypt, from the other side, just at the end of the late
Paleocene and the earliest Eocene times. Notably, Cytherella showed
distinct reaction against high predation activity that associated the oxygen
depletion occurred during the PETM in the South Tethyan Province.

Keywords: Predation, ostracods, PETM, Africa, Middle East.

2. 2 Introduction

The ostracod faunas of North and West Africa and the Middle East were
the subject of numerous studies, starting from the sixties of the Twentieth
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Century, when Reyment presented to science his published works on the
Upper Cretaceous/Lower Tertiary ostracods of Nigeria and Niger Delta
(e.g. Reyment and Reyment 1959; Reyment 1960, 1963, 1966a,b). Since
then, several publications have dealt with ostracods of this wide area of the
world (Apostolescu 1961; Barsotti 1963; Salahi 1966; Esker 1968; Grekoff
1969; Siddiqui 1971; Bassiouni et al. 1977; Haggag 1979; Yassini 1979;
Al Furaih 1980; Reyment and Reyment 1980; Reyment 1981; Shamah
1981; Al Sheikhly 1981; Aref 1982; Boukhary et al. 1982; Donze et al.
1982; Foster et al. 1983; Al Sheikhly 1985; Carbonnel 1986; Peypouquet
et al. 1986; Damotte and Fleury 1987; Reyment et al. 1987; Carbonnel and
Johnson 1989; Helal 1990; Bassiouni and Luger 1990; Carbonnel et al.
1990; El Sogher 1991; Honigstein et al. 1991; Guernet et al. 1991; El Waer
1992; Ismail 1992; Whatley and Arias 1993; Keen et al. 1994; Elewa
1994; Elewa and ishizaki 1994; Aref 1995; Damotte 1995; Honigstein and
Rosenfeld 1995; Gammudi and Keen 1996; Ismail 1996; Colin et al. 1998;
Elewa 1998; Sarr 1998, 1999; Bassiouni and Elewa 1999; Elewa et al.
1999; Bassiouni and Morsi 2000; Shahin 2000; Honigstein et al. 2002;
Elewa 2002a).

Consequently, Elewa (2002b), in his study of 103 ostracod species and
subspecies from Maastrichtian to lower Eocene localities in North and
West Africa and the Middle East, arrived at distinguishing two main
provinces (WAP or the West African province and STP or South Tethyan
Province) and Egypt, or GAT/ATT, in-between with its characteristic
ostracod faunas that are more similar to STP. Furthermore, he concluded
that the P/E boundary shows no turnover but faunal changes resulting from
lateral migration of certain ostracod genera.

In fact, Elewa’s study did not yield itself insight into the control
mechanisms for ostracod provinciality and for any changes across the P/E
boundary, and hence there is a need to the present study. I herein try to
spot the light on the reasons led to late Paleocene-carly Eocene ostracod
provinciality, with reference to the most affecting environmental factors on
the distribution and migration of ostracod assemblages in the studied
regions during that time.

2. 3 Methodology

The regions covered in the present study includes countries from West and
North Africa and the Middle East, and extends from Senegal in the west to
Pakistan in the East with special allusion to Egypt (Fig. 1).
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The 103 ostracod species and subspecies of Elewa (2002b) have been
re-examined and more data have been investigated to accomplish the goal
of the present study. Elewa (2002b) selected 46 species for faunal analysis,
after excluding both rare species and countries with ostracod species that
cannot be compared with those of Egypt (e.g. Saudi Arabia, Iraq and
Pakistan).

Although the Paleocene-Eocene thermal maximum is not yet exactly
defined in West Africa, however I use here the term PETM for the West
African Province according to the frequent occurrences of ostracod taxa
that could tolerate high temperature. Thus, this term is applied here in its
broad sense as Paleocene/Eocene transition. Seemingly, the predation
activity of drills on ostracods of the WAP is correlated positively with the
increase in temperature. Even though, further faunal studies supported with
geochemical data are urgently needed to establish the PETM in this region.

Statistical analyses of important ostracod families and genera have been
compiled on those 46 species, and the cluster analysis of Elewa’s work is
re-considered, in combination with the ostracod statistics, to find out
supplementary results to the ostracod data in hand. Table 1 shows
distribution of the 46 analyzed ostracod species in the significant countries
of North and West Africa and the Middle East. Finally, cluster analysis
based on the Jaccard coefficient of similarity (the paired-group method)
was applied to find out similarities between the 13 examined countries.

The used statistical software in the present study is STATISTICA for
Windows, release 4.5, StatSoft Inc. (1993). The cluster analysis program is
included with the PAST statistical package, version 1.14 of September
2003.

Fig. 1. Map showing the studied regions of North and West Africa and the Middle
East, with a late Paleocene paleogeography (after Keen et al., 1994)
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Table 1. Distribution of the analyzed 46 ostracod species in the significant
countries of North and West Africa and the Middle East (after Elewa, 2002b)

= Geographical distribution -
' A IREIRNE ;
o -
ile g22355 5 2|
. g = ; [ == | =

Species - w
Leguminocythereis lensi: 1 10 1 00 0 © 00 0 0 0
Buntonia virgulata 1 o 0 0 0 1 1] 1 0 0 0 0 ]
Reticulina sangalkamensis 1 o 0 0 0 0 0 1 1 0 0 0 0
Qertliella vesiculosa 1 0 0 0 11 0 0 1 0 0 "] 0
Dahomeya alata alata 1 10 0 10 1 1 10 0 0 1
Soudanelia laciniosa triangull 1 [+ ] 1 0o o 1 1 11 0 0 0
Buntonia issabaensis 0 1 1 1 o 0 0 0 [+ I ] 1] 0 0
B. livida 0 11 1 o 0 0 ] o0 1] 0 0
Soudanella laciniosa lacinios. o 11 1 00 0 0 00 0 0 O
Quadracythere lagaghiroboensi © 10 1 10 0 0 00 0 ©0 O
Buntonia bopaensis 6 11 1 10 0 0 00 0 0 0
B. fortunata 0 1 1 1 10 0 0 o o0 0 ] v}
B. sehouensis 0 11 0 11 1] 0 1 0 0 4] 0
Legumi hereis lok i 0 11 0 0 0 0 1 1 0 ] ] 0
L ingaghiroboensis 0 10 1 00 0 1 1 0 0 O O
Trachyleberis modesta 0 10 0 11 0 1 10 0 0 0
Phalcocythere cultrata © 10 0 11 0 1 10 0 0 O
Buntonia attitogoensis 0 00 ©0 00 1 1 10 0 0 ©
Protobasslerites bopaensis 0o 01 1 10 0 0 00 0 0 0
Limburgin sehouensis © 01 1 10 0 0 00 0 0 O
L inocythereis b i o o1 © 11 © 1 © 0 O 0 0
Buntonia pulvinata o 01 1 10 0 1 ©0 0 0 0 O
Isohabrocythere teisk i o 01 1 1 0 0 1 o0 0 O © 1
Bairdia ilaroensis 0 0 1 0 11 0 0 1 0 '] 0 1
Trachyleberis teiskotensis 1] 0o 1 1 10 0 1 o 0 [+] 0 0
Mauritsina teiskotensis teiskotensis ] [ ] 1 11 ] 1 o 0 o0 0 ]
Bunitonia tichittensis ] o o 1 0 1 1] 1 i 0 0 0 ]
Paracypris ? nigeriensis 1] o 0 1 11 0 0 1 0 0 0 o
Alocopocythere teiskotensis o 00 o0 11 0 1 ©0O0 0 O O
Nucleolina tatteuliensis 0 0 0 0 11 0 1 1 0 0 ] 1
Bythocypris eskeri 0 0 0 0 1 0 1 0 1 0 ] 1] 0
Paracypris jonesi 0 [+ ] 0 0o 0 1 1 1 0 4] 0 0
Reymenticosta bensoni o o090 o0 1 0 1 ©0 1 0 © 0 O
Cytheropteron lekefens o o0 o0 00 1 1 1 0 © 0 O
Mauritsina coronata ¢ 00 0o o0 0 1 o 11 0 0 ]
M. jordanica nodoreticulata o o0 o 00 1 o 11 1 0 0
Protobuntonia nakkadii o 00 0 060 1 0 11 0 0 O
Reticulina proteros o o0 o0 00 1 © 1 1 1 1 0
Ordoniya ordoniya 0 0 0 0 0 0 1 0 11 o 0o 0
| O. hasaensis o o 0 © 0 0 0 0 11 1 © 0
0. bulagensis 0 [+ ] ] [+ ] 1 0 10 1 [+] 0
Meg ythere denticul © 00 0 060 1 ©0 10 1 1 0
Xestoleberis tunisiensis o © 0o o © 0 1 © 1 0 0 1 0
Paragrenocythere cultrata 1] i 0 '] 11 ] 1 10 v} 0 1
Dak alata anteroglab 0 0 1 1 o o0 1] 1] 10 0 0 0
Uroleberis glabella 0 0 o 0 0 1 0 1 1 0 0 0 0

2. 4 Results

The dendrogram (Fig. 2), resulting from cluster analysis, led to distinguish
three ostracod groups (STP, GAT/ATT, WAP). Examination of the
ostracod species of these groups disclosed the following results (Table 2):
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1. The West African Province (WAP) discloses species that are
restricted to the late Paleocene;

2. The South Tethyan Province (STP) contains species that are mostly
survived to the early Eocene, and

3. The Egyptian material (GAT/ATT) has much resemblance to the STP
in having early Eocene survived species.

Distinguishing the environmental factors affected the ostracod
distribution of these three groups could interpret the ostracod reactions at
the Paleocene/Eocene thermal maximum (PETM) of the studied regions.

In general, the 46 species subjected to faunal analysis are belonging to
12 families in which Buntoniidae, Trachyleberididae and
Campylocytheridae are the most common with more than 78% of the total
number of species.

Quantitative  analysis of ostracod families revealed that
Trachyleberididae represents 54.3% of the total number of species in the
STP (Fig. 3).

Group I Group 11 Group III

STP (GAT/ATT) WAP
33333343444 12 1142322224 13311 111 224
1356783912043 12367440687 96560 24457890129308235 1

0.2+
0.1

1
0.9
0.2
0.7
0.6
0.5
0.4
0.3

e m = =3 =0

122
18]
T

0 20 a0 40

Fig. 2. . Dendrogram resulted from cluster analysis of the analyzed 46 ostracod
species (after Elewa, 2002b)

The GAT/ATT (Fig. 4) is mostly occupied by Buntoniidae (22.7%),
Campylocytheridae (22.7) and Trachyleberididae (18.2%). Buntoniidae
dominates the WAP with 53.8% of the total number of species (Fig. 5).
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Table 2. Last occurrences of the 46 analyzed ostracod species of the studied

regions. P = late Paleocene; E = early Eocene

Province Ostracod species Last occurrence
STP Bythacypris eskari

Reymenticosta bensoni

Mauritring coronata

M jordamica nodoreticulata

Protoburtonia rakiadii

Feticuling proteros

Ordomiya ordoniya

O, hasasnsis

O, bulagensis

Megommatocythere denticulate

Xostoleberis tunisionsis

HMEEEEEDEE S

GAT/ATT | Buntowmia virgulata

Reticuling sangalkamansiz
Oertliella vesiculosa
Dahameya alata alata
Soudanealla laciniosa triangulata
Buntonia sehouensiz

Lo guminocythereis lokossaensis
L lagaghiraboensis
Trachyleberis modesta
Phaleacythere cultrata
Buntania altitagoensis
Leguminocythereis bapaensis
Bairdia ilaroensis

Mauritsing teiskatensis teishatensis
Buntonia tichittensis
Fargcypris 7 migariensis
Alacapacythere teiskatensis
MNucleoling tattendionsis
Fargcypris jonesi
Cytherapteron lekafense
Paragrenocythere cultrata
Uroleberis glabella

HHEHE TN TN g EPEE PEME

ATT Leguminocythereis senegalensis
Buntomia issabaensis

B hvida

Soudanella laciniosa laciniosa
Cuadracythere lagaghiroboensis
Buntomia bopasnsis

B fortunata

FPratobassierites bopaensis
Limburging sehoue nsis
Buntomia prvinata
fsahabrocythere teiskotensis
Trachyleberis taiskotensis
Dahomeya alata anteroglabrata

CRY
AEmgeYd2dogddm
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Pie chart for Trachyleberididae % in STP

Other families, 45.5 %

Trachyleberididae, 54.5 %0

Fig. 3. Pie chart for Trachyleberididae percentage in comparison to other families
in the South Tethyan Province (STP)

Pie Chart for ostracod families %% in GAT/ATT

Buntoniidae, 22.7 %

Other families, 36.4 %

Campylocytheridae, 22.7 %o

Trachylewherididae, 18.2 %

Fig. 4. Pie chart for ostracod families percentages in the Garra/Afro-Tethyan
region (GAT/ATT; Egypt in the present study)
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Pie chart for Buntoniidae %o in WAP

Other families, 46.2 %o
Buntoniidae, 3.8 %

Fig. 5. Pie chart for Buntoniidae percentage in comparison to other families in the
West African Province (WAP)

With regard to genera, Buntonia is distinguished by its abundance in the
WAP (38.5%) (Fig. 6), but less common in the GAT/ATT (18.2%) (Fig.
7), while absent in the STP. Conversely, Cytherella is more abundant in
the STP than in the WAP.

Pie chart for Buntonia % in WAP

HBunitonia, 38.5 %

Other species, 61.5 %o

Fig. 6. Pie chart for Buntonia percentage in comparison to other genera in the
WAP
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Pie chart for Buntenie % in GAT/ATT

Buntonia, 182 %

Other species, 31.8 %

Fig. 7. Pie chart for Buntonia percentage in comparison to other genera in the
GAT/ATT

Finally, the examined countries were subjected to cluster analysis for
the aim of finding out any sub-provinces within the distinguished
provinces. The data matrix of 13 countries and 46 ostracod species
revealed the distinction of two major provinces (WAP, STP) (Fig. 8), and
attributed Egypt to the STP. Moreover, a distinction of two sub-provinces
within the WAP could be detected. These two sub-provinces
geographically divided the WAP into the Northern Sub-Province (NSP),
including Mali, NW Nigeria and Libya, and the Southern Sub-Province
(SSP), comprising Ivory Coast, Togo and SW Nigeria (See Fig. 1 for
locations of countries). However, Senegal and Niger have close similarities
to both sub-provinces.



16  Ashraf M. T. Elewa

— © (]
1] = =
S S 5 w
© c @ 8 S g
7] B & = = z Z © o D
c > el Q ] Q = [}
S 38 5 ¢ §%=23% 3 25 5
F W s g @2 =2 - »mn oz = O Z o
EE———=
0.9+
N =
0.7+
0.6
>
5
= 0.5
£
N Ly |
0.4
0.3+
0.2
0.1
T T T T T T T T T T T T T 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Fig. 8. Dendrogram resulting from cluster analysis (Jaccard coefficient of
similarity; the paired-group method) for the 13 investigated countries

2. 5 Paleoenvironments

In their work on ostracod assemblages of two sections situated on the
southwestern slope of Gebel Duwi of Egypt, Speijer and Morsi (2002)
mentioned that these assemblages show a sharp turnover at the PETM.
They indicated this turnover by abundance changes, local extinctions and
immigrations. In contradiction, the present results indicate no turnover in
ostracod faunas of Egypt during the PETM and the faunal changes are due
to the effect of environmental factors in the paleogeographical distribution
of these organisms rather than origination or extinction (for details see
Elewa 2002b; Elewa and Morsi 2004).
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The results obtained by quantitative analysis of the 46 selected ostracod
species could interpret the history of their depositional environments as
well as their reactions against worse environmental conditions during the
late Paleocene-early Eocene times.

From the historical viewpoint, the late Paleocene shows the greatest
transgression in the studied regions, thus it is believed that this was the
maximum extent of the Trans-Saharan Seaway (see Fig. 1 of the present
study; after Keen et al. 1994).

On the other hand, Eocene ostracods are not as widely distributed as
those of the Paleocene. Accordingly, no distinctive early Eocene ostracod
faunas have been distinguished.

The abundance of the family Buntoniidae (Fig. 5), especially the genus
Buntonia (Fig. 6), together with more or less absence of Cytherella species
in the ostracod assemblages of the WAP, designate that these assemblages
were subject to normal oxygenation associated with warm water conditions
at the late Paleocene-ecarly Eocene times (See Carbonnel and Johnson
1989; Whatley 1991). Yet, the relative abundance of Cytherella species
and the simultaneous absence of Bunfonia species in the South Tethyan
Province during the PETM may probably indicate more or less reduced
oxygen conditions associated with high predation activity for this region,
as it will be seen below.

With regard to ostracods of the WAP in the Paleocene/Eocene times,
exhibiting almost epicontinental ostracod faunas (Fig. 9; Tabl. 2), it is
concluded by Elewa (2002b; 2™ factor resulted from correspondence
analysis) that temperature was the most affecting factor on the ostracod
distribution. The highest degrees of temperature led to local turnover of
ostracod assemblages of the WAP (Fig. 10; Tabl. 2), as indicated by the
vanishing of most ostracod species at the PETM, and appearance of
several new species (Afro-Tethyan Type of Bassiouni and Luger 1990)
just after the PETM. These post-PETM ostracod species characterized the
WAP and were absent in both Egypt and the South Tethyan Province
(STP).

Whereas, the South Tethyan Province was prominently affected by
change in the dissolved oxygen content of water associated with
fluctuation in water depth, from outer neritic to upper bathyal (Fig. 9; Tabl.
2), during PETM. The depletion of oxygen in the water led to a minor
faunal change in the STP during the late Paleocene-early Eocene times
(Fig. 10; Tabl. 2).

With regard to Egypt (GAT/ATT), the ostracod assemblages were
affected by water depth, which ranges from epineritic to inner neritic (Fig.
9, Tabl. 2), as well as turbulence. Consequently, a faunal adaptability to
change in water depth characterized the ostracods of Egypt during PETM
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(Fig. 10; Tabl. 2). It is worth noting that ostracod faunas show migration of
deeper dwelling forms (e.g. Leguminocythereis lokossaensis, Soudanella
laciniosa triangulata) from the WAP to Egypt and North Africa. Bassiouni
and Luger (1990) stated that these deeper dwelling forms could not
reproduce in the shallow marine environments of the Trans-Saharan
Seaway. However, Reyment (1983), Stinnesbeck and Reyment (1988), and
Reyment and Aranki (1991) strictly contradict the opinion of Bassiouni
and Luger. They believe that the genus Soudanella has a remarkable
distributional capability, as it was able to migrate to Brazil from West
Africa and formed part of the impressive ostracod migration between
North Africa and West Africa.

Anyway, whether Soudanella has a wide distributional capability or it
migrated to North Africa for any other reason, its existence, together with
other deeper dwelling forms of West Aftrica, in Egypt during the PETM,
helped their survival there to the early Eocene time. Concurrently they
disappeared at the end of the late Paleocene time of the WAP.

The work by Shahin (2000) supports the attained results, hence he stated
that there is general agreement that the marine connection across the
Sahara was broken towards the end of Paleocene, therefore the faunal
migration occurred during the Paleocene and earlier. Consequently, most
migrated Paleocene ostracods possessed relatively long
chronostratigraphical ranges in North Africa and other southern tethyan
realms and survived at least to the late Eocene.

In conclusion, the differences in environmental factors and predation
activity (as it will be seen below), between the regions of North Africa,
West Africa, and the Middle East, were the main controller of turnover,
migration, and provinciality in the studied ostracod assemblages. This
provinciality became clearer with time, where middle Eocene ostracods of
Egypt (Nile Valley) as well as other areas of North Africa and the Middle
East exhibit particular ostracod provinciality, simultaneously with another
tendency in West Africa (Elewa 2005). All over all, the present study
revealed the distinction of two sub-provinces within the West African
Province (e.g. NSP, SSP). Counting the ostracod species of these sub-
provinces led to conclude that Buntonia was rich in the SSP than the NSP
indicating the effect of high temperature on the ostracod turnover in the
SSP than for the NSP. Also, the strong similarity between Libya (of North
Africa) with the NSP (Mali and NW Nigeria) supports the conclusion of
Barsotti (1963) in suggesting a connection, up through late Paleocene time,
between the southern Tethys and the Guinean Province through Mali and
NW Nigeria.
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Fig. 9. Map showing environments of ostracods during the late Paleocene/carly
Eocene of North and West Africa and the Middle East (modification of Fig. 1)

///{i// / 1 LAND
777TITLILILIILY,

AREAS

YRIA

0y LA T
. SIWMAEW..
JAH * 4 4
% / PAKISTAN
.
l.

Fig. 10. Map showing most important reactions of ostracod faunas against the
worse environmental conditions occurred during the late Paleocene/early Eocene
of North and West Africa and the Middle East (modification of Fig. 1)
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2. 6 Predation as a strong factor affecting ostracod
abundances in the studied regions

In her study regarding predation on ostracods of Texas (1988), Maddocks
cited that abrupt increases in naticid predation on ostracods occurred near
the end of the Campanian and at the Cretaceous-Paleogene boundary. She
added that high levels of naticid and other predation continued to
characterize Paleocene and middle Eocene assemblages. I noticed in her
material that species related to the genus Cytherella (Family:
Cytherellidae) have been strongly attacked by drills in the Late Cretaceous
and Paleocene. Species belonging to the genus Buntonia (Family:
Buntoniidae) and the genus Trachyleberis (Family: Trachyleberididae)
have been attacked above the Paleocene-Eocene thermal maximum (with
high predation activity at Lutetian).

Reyment (1966a) concluded that the genus Cytherella was strongly
attacked by drills in the western Niger Delta. He attributed this to the
interstitial mode of life of species belonging to this genus.

Reyment et al. (1987) have shown several predation cases on ostracods
from the Santonian of Israel and the Paleocene of Nigeria. They concluded
that muricids and naticids prefer less strongly ornamented ostracods.

Reyment and Elewa (2002) stated that the Paleocene ostracods of
Nigeria (studied by Reyment et al. 1987) indicate a reasonable model
where feeding of drills on ostracods was for a short initial period in their
life, and then migrated to shallower water.

Corbari et al. (2005) could give reasonable interpretation for higher
proportion of platycopids in ostracod populations during hypoxic crises.
They argued that during a hypoxic event in marine sediments, the redox
front rises towards the surface. They suggest that platycopids (including
Cytherella) could keep still in the deep layers of the sediment for longer,
while other podocopids migrate to shallower sediment layers. When they
reach the upper zones, the animals closest to the surface would then be
more exposed to predation by fishes and other crustaceans (I add to them
naticids), which would account for the relative increase in the proportion
of platycopids. Corbari et al. concluded this scenario based on
physiological and anatomical observations of the ostracod order
Podocopida (see Corbari et al., 2004, for more discussion).

Following the above terminology, I could interpret the abundance of
Cytherella in the relatively deeper water of the STP (South Tethyan
Province) as a result of its reaction against the oxygen depletion occurred
during the PETM. The STP exemplifies a minor faunal change in
ostracods due to oxygen depletion during the late Paleocene-early Eocene
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interval. Podocopids (except those forms that could tolerate oxygen
depletion) migrated to shallower sediment layers when oxygen decreased,
while Cytherella could resist these hard conditions and stayed in deeper
layers away from predators in the surface waters. Notice that some
Trachyleberidids could tolerate the reduced oxygen conditions during this
interval and stayed in deeper water, hence the apparent abundance of this
family in the STP. Generally, 1 call this phenomenon as “Obligatory
Predation” by drills on the available ostracod species during that time.

In the WAP, the situation during the PETM was different, where warm
temperature and normal oxygenation permitted the high abundance of
species belonging to Buntoniidae and Trachyleberididae, however
predation activity was more distinct on ostracod carapaces resembling in
their shapes to pelecypods (e.g. Cytherella, which has smooth and delicate
carapace). This phenomenon is named here as “Selective Predation”.

In Egypt, ostracod assemblages show evidence of faunal adaptability at
the Paleocene-Eocene boundary. It seems that predation rate was low
relative to the high activity occurred in the WAP at the PETM.

Over all, this paper suggests that combination of predation with changes
in paleoenvironmental conditions led to the ostracod provinciality in North
and West Africa and the Middle East during the Paleocene-Eocene thermal
maximum.
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3. 1 Abstract

Predation on Miocene ostracods of Egypt received little attention due to
the lack of information on taxonomy of these ostracods. This situation
continued until Bassiouni and Elewa introduced, probably, the first
Egyptian Miocene ostracod taxonomic record in 2000. Two years later,
Reyment and Elewa (2002) noticed post-mortem holes made by marine
fungi on carapaces of these ostracods. Consequently, the present study is
the first detailed description of predation along with change in
environment in Wadi Um Ashtan of Mersa Matruh on the Mediterranean
coast of Egypt.

Keywords: Predation, Ostracoda, echinoids, marine fungi, Miocene,
Wadi Um Ashtan, Egypt.

3. 2 Introduction

Ostracods are, undoubtedly, ingested by small fish. Scott (1902) recorded
several marine benthonic ostracods from the stomach contents of fish in
Scottish waters. Leonard (1983) studied the diet of the butterfish, Pholis
gunnellus, in rock pools on the Northumberland coast, finding that some
immature individuals fed almost exclusively on ostracods. Indeed, it has
been suggested that since ostracod eggs, and possibly even the ostracods
themselves, can survive passing through the digestive tracts of freshwater
fish, the same might be true of marine species, providing an effective
means of dispersal (Kornicker and Sohn 1971).

Invertebrates that feed on marine and brackish-water ostracods include
gastropods (Reyment 1963, 1966a, b, 1967) and echinoids (Neale 1983).
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However, decomposers of ostracods are attributed to fungi (Reyment and
Elewa 2002). The first detailed work of predation by drills on ostracods is
that of Maddocks (1988). She recognized twenty kinds of predation scars,
including drillholes of naticids and other gastropods, digestive-solution
holes and holes made by unknown animals, on Cretaceous, Paleocene and
Holocene ostracods of Texas. These twenty ichnophena were grouped by
Maddocks into four intergradational categories according to their inferred
origins:

1. Naticid drillholes: These are best expressed in smooth, robust shells.

2. Gastropod drillholes: Some may be naticid holes in thin or
ornamented shells, and some others may have been drilled by other
gastropods or perhaps by octopus or other predators.

3. Holes made by unknown, less patient predators: These holes appear
to have been ripped, gouged, punctured, or dug out rather than
drilled.

4. Solution holes: Some closely resemble the digestive solution holes
illustrated by Kornicker and Sohn (1971), while others show
enlarged normal pore-canals and characteristic frosting. Solution
features occasionally accompany other ichnophena.

Reyment (1971) stated that ostracods are not the main source of food for
predators when bivalves become rich in the same environment with
ostracods. Reyment and Elewa (2002) supported this opinion of Reyment.
They added that there are isolated reports of echinoids having consumed
ostracods, but whether this is by design or by accident has never been
resolved. Therefore this study focuses on predation on Miocene ostracods
of Wadi Um Ashtan in Mersa Matruh, Western Desert of Egypt. Deposits
of this area contain rare mollusk shells but several fossil irregular
echinoids that lived in turbulent, shallow marine environment with slight
fluctuation in water depth and turbulence at the end of the Middle Miocene
(Bassiouni and Elewa 2000).

The chapter by Wilkinson et al. (this volume) presents an interesting
review of ostracod carnivory through time. I recommend reading that
chapter for more understanding of predation, scavenging and parasitism in
ostracod community.

3. 3 Predation and survival

In the introduction of this book I asked, among some important queries,
the following question: why some predators do not benefit from their prey
after killing them and leave them without eating? I meant by this question
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to shed the light on one of the ignored sides of predation, which is
environmental equilibrium and the food chain. As we all know there are
two functional units or components in the biosphere, autotrophic and
heterotrophic. The autotrophic organisms (plants) photosynthesize the
sun’s energy to produce their cells, in other words they are self-nourishing
(see Boardman et al. 1987), while heterotrophic (other nourishing)
organisms need autotrophic organisms as suppliers of energy. These
heterotrophic organisms were divided into herbivores, or consumers of
plants, and carnivores, or flesh eaters. Also, other carnivores eat these
carnivores and so on. In summary, herbivores consume plants, carnivores
eat herbivores and other carnivores eat these carnivores; this food chain
should not be disturbed for survival of organisms. However, we should not
forget the important group of organisms that decompose dead organisms
into the elements required for growth (e.g. bacteria and fungi). Returning
to our question, it is now understandable that some carnivores kill other
heterotrophs not only to eat but also to let other decomposers to live and
for life to continue. Of course, predators do not understand this equilibrium
when attacking their preys, and thus I attribute their behavior either to
antagonism or survival. In other words, as we all know, some creatures are
physically antagonistic and would like to attack other creatures just for
attack, and some others defend themselves for survival. Fortunately, these
features in organisms are necessary for the environmental equilibrium.

In the present study I introduce two types of organisms that play
important role in the continuity of the food chain, the first (echinoids) are a
greedy predators and the second (marine fungi) are a strong decomposers.
Unfortunately, these two types had little interest to researchers until the
end of the Twentieth Century.

3. 4 Material for the present study

Miocene ostracod assemblages of Wadi Um Ashtan were systematically
studied by Bassiouni and Elewa (2000). They, further, made detailed work
on ostracod stratigraphical, paleoecological and paleobiogeographical
significance.

Material for the present study was collected from the Marmarica
Formation (Serravallian) of Wadi Um Ashtan (Fig. 1), which represents
the ostracod Keijella punctigibba Zone in equivalence with the planktonic
foraminifera Orbulina universa Zone and the benthonic foraminifera
Heterolepa dutemplei Zone and Amphistegina radiata Zone (Fig. 2).
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Fig. 1. Location map (after Bassiouni and Elewa 2000). Black circle refers to the
study area
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3. 5 Echinoid drillholes

Our knowledge of predation by echinoids on ostracods is very limited
due to scarce publications on the subject. On the other hand, gastropod
predators, especially naticids and muricids, are often studied in
ostracodology as a result of the pioneer works of Reyment (1963, 1966a, b,
1967), and consequently the work of Maddocks (1988). This situation
extended, with some isolated papers on echinoids as predators on ostracod
prey, until I noticed during my study of the fauna of Wadi Um Ashtan that
molluscs are very rare, even though ostracods seem to be attacked by less
patient predators than gastropods. My investigations led to discovery of
this unknown enemy; it is, no doubt, echinoids. These creatures are richly
present in the deposits with several shapes and forms, from small tests that
should be investigated under the microscope for identifying their features,
like Echinocyamus, to very large tests like Echinolampas. Richness of
these echinoids in the study area points to shallow, near shore shelf marine
environments with normal salinity ranges (Boardman et al. 1987).
Fortunately, the shapes of holes made by echinoids are similar to those
described by Maddocks (1988) as holes of unknown, less patient predators.
She mentioned that the main difference between gastropod holes and these
holes is the mechanism of making these holes. Gastropods drill these holes
but these predators rip, gouge, puncture and dig them out instead.

In the studied material, I noticed that echinoid holes are almost always
located at the posterior parts of the ostracod carapaces (Figs. 3-1, 3-2, 3-3,
3-5) indicating preferential attack from behind. Some of these holes are
crescentic in shape (Figs. 4-1, 4-2), and some others are rhomboidal (Fig.
4-3) or sub-triangular (Figs. 4-6, 4-7). However, Figure 4-4 shows an
incomplete borehole of unknown origin. Loren Babcock has discussed a
similar behavior in his chapter in Kelley et al. (2002). His paper discusses
predators preferentially attacking the rear right side of trilobite prey and
might be consulted usefully here.

Figure 5 shows distribution of the main predators and their favorite
ostracod species in the standard microfacies types of the study area. From
this figure it is obvious that echinoid predation has taken its maximum
attack during the interval of the benthonic foraminiferal Heterolepa
dutemplei Zone, which is equivalent to the base of the planktonic
foraminiferal Orbulina universa Zone and the base of the ostracod Keijella
punctigibba Zone. Deposits of this interval lie in the bioclastic wackestone
facies type of Wilson (1975), which indicates open platform (shelf lagoon)
environment (FZ7) according to Fliigel (1982). This Facies Zone 7 (FZ7)
represents open shallow platform with open circulation at or just below
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wave base. These results coincide with that of Boardman et al. (1987) for
occurrence of echinoids.

3.6 Holes by marine fungi

Amphistegina radiata, the nominate species of the zone representing the
upper part of the Marmarica Formation in the study area, is one of the
foraminiferal species commonly found with coral reefs in shelf tropical
regions (Renema and Troelestra 2001; Renema 2003). Renema (2003)
added that Amphistegina radiata prefers solid substrates, and high
densities occur on well-structured coral rubbles. This species was
attributed to neritic environment (0-150 m); however Renema (2003)
found it in samples >10 m depth. This indicates the possibility of reef
communities (including fungi) to occur in the Marmarica Formation of the
area under consideration.

Clipson et al. (2001) argued that fungi from coastal and marine
ecosystems are a neglected but significant part of marine biodiversity.
Fungi in general are able to degrade a wide range of recalcitrant biological
molecules and particularly in coastal ecosystems fungal activity may be
critical in the early stages of biodegradative pathways. They added,
furthermore, that marine fungi have shown high decadal indices (%
increases in species number over a 10 year period). Hawksworth (1991)
calculated that marine fungi had the highest decadal index (49%) for any
fungal group.

In the studied material, post-mortem holes made by marine fungi are
located at the adductor scar region as well as the posterior part of the
ostracod carapaces (Fig. 3-8). Reyment and Elewa (2002) mentioned that
these minute holes, although largely represented by holes through the
shell, could also occur as a kind of scoring of the surface (see Figs. 4-5, 4-
8 of the present study).

Meanwhile, figure 5 shows that holes made by marine fungi were
abundant during the interval of the benthonic foraminiferal Amphstegina
radiata Zone, which is equivalent to the top of the planktonic foraminiferal
Orbulina universa Zone and the top of the ostracod Keijella punctigibba
Zone. Deposits of this interval lie in the packstone-wackestone facies type
of Wilson (1975).
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3. 7 Discussion

Ibrahim and Mansour (2002) stated that the deposition of the fossiliferous
carbonate rocks of the Marmarica Formation probably took place in a
warm water, inner shelf environment (0—20 m palacodepth) subjected to
some current activity, and with salinity ranging from normal to slightly
hypersaline (35-50%o). Omar (1992) gave more definite environmental
ranges for the Miocene succession of Mersa Matruh, where he concluded
that this succession was deposited under shallow marine conditions with
temperatures ranging from 9 to 13 degrees and salinity ranging from 35 to
38%o.

On the other hand, my investigations indicate that temperature increases
from the base of the Marmarica Formation to its top with the increase of
reef communities, salinity ranges and relatively deeper water conditions,
within the open platform environment, in the same direction. In contrast,
turbulence decreases from base to top.

These conclusions are based on the following:

1. The interpreted environment of the bioclastic wackestone is
shallow water with open circulation close to wave-base. The
packstone-wackestone represents textural inversion (particles from
high-energy environment have moved down local slopes to low-
energy settings).

2. Echinoids, which are common in the basal deposits of the
formation, indicate shallow, near shore shelf marine environments
with normal salinity ranges (Boardman et al. 1987).

3. Bryzoa, which are abundant in the top of the succession, are
sensitive to wave action, where they are liable to damage. Thus,
relatively few bryozoans are inter-tidal since the high
environmental energy and the problems of desiccation between
tides are too great for these delicate organisms. The sub-littoral
zone, however, has a wealth of bryozoans encrusting the rocks and
seaweeds, and they are common at depths between 20 and 80 m
(for more details see Clarkson 1987).

In general, this study aimed to shed light on echinoids as an important
component of predation on ostracods when usual predators, gastropods,
become rare or absent, and on marine fungi as a distinct decomposer of
ostracods in marine environments dominated by reef communities.
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Fig. 3. Holes made by echinoids and marine fungi in Miocene ostracods of Wadi
Um Ashtan. All specimens have x60 magnification except specimens 1, 2 (x75). 1,
2. Cytherella inaequalis Moyes; 1. right side view of carapace (incomplete
predation by echinoids on the posterior part); 2. left side view of carapace
(complete predation by echinoids on the posterior part). 3. Chrysocythere
cataphracta Ruggieri; right side view of carapace (complete predation by
echinoids on the posterior part). 4, 5, 7. Keijella punctigibba (Capeder); 4. dorsal
view of carapace (complete predation by echinoids on the dorsal part of the right
valve); 5. left side view of carapace (complete predation by echinoids on the
posterior part); 7. left side view of carapace (incomplete predation of unknown
origin). 6. Ruggieria tetraptera tetraptera (Seguenza); left side view of carapace
(post-mortem holes made by marine fungi).
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Fig. 4. Photomicrographs of boreholes made by echinoids and marine fungi in the
ostracods of the study area. All photos have x375 magnification except photo 4
(x175) and photos 1, 8 (x500)



36 Ashraf M. T. Elewa

Age | Fock Standard Microfacies Enrvir o ent Predator Frey species (O atracods)
uit Types (SMT) (Facies Zone) type arranged from most favorite to
less fior each SMT
Bioclastic wackestone at Echitioi ds Eeijella mawchigibba
the base Cytherella maequalis

Chrpsocyfhere cataphraca
Fugmieria fefrapfera tefragpfera

Packstonie-wackestone at Matine Ezfjella pure figibba
the top fungi Rugmieria fefrapier a fefrapiera

Middle Miocene (3 erravallian)
Marm arica Formation
Open platform (shelf lagoom)
FZ7)

Fig. 5. Distribution of the main predators and their favorite ostracod species in the
standard microfacies types of the study area
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4.1 Abstract

Carnivory in modern ostracods takes the form of predation, scavenging
and parasitism. In the fossil record, carnivory is difficult to prove without
the fossilisation of diagnostic functional morphological features or the
preservation of the intimate association between the ostracods and the
carrion or prey. Six examples of putative carnivory are known in
geological deep time, the most persuasive being scavenging myodocopes
of Ordovician, Carboniferous and Triassic ages (Myodoprimigenia,
Eocypridina and Triadocypris), where swarms of ostracods are found
associated with carcasses, and the early Silurian Colymbosathon in which
characteristic soft part anatomy is preserved. Other putative scavengers,
such as late Jurassic Juralebris, are unlikely to be carnivorous.

Keywords: Ostracoda, carnivory, predation, scavenging, parasitism.

4.2 Introduction

Ostracods are small, bivalved crustaceans that occupy all aquatic niches
from the deep sea to temporary ponds and in moist leaf-litter around tree-
lined lakes. They are represented by an estimated 33,000 living and fossil
species and form the most diverse and prolific class of arthropods. Their
mineralised carapace is readily fossilised, so that their record is long, the
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oldest known fossil carapaces of presumed Ostracoda being from the early
Ordovician (about 490 million years old) (Hou et al. 1996). True ostracods
(both Palacocopa and Binodicopa) occur in the Tremadoc of Argentina
(Salas, Vannier and Williams, in-press) and Estonia (Tinn and Meidla
2004).

Ostracods display a variety of feeding habits as filter-feeders, detrivores,
herbivores and carnivores. Carnivory amongst modern ostracods is well
established, having been observed in natural habitats and in aquarium
experiments (e.g. Vannier et al. 1998). It takes three forms in ostracods:
predation, scavenging and parasitism. Predation on larger animals is
practiced by myodocopes such as Gigantocypris and Macrocypridina
(Vannier et al. 1998; Moguilevsky and Gooday 1977). Vargula has been
observed feeding on live polychaetes, but is also a scavenger (Vannier et
al. 1998). Scavenging is the principle form of carnivory amongst
ostracods, for example, in Skogsbergia (Cohen 1983) and in freshwater
podocopes such as FEucypris virens and Heterocypris incongruens.
Parasitism is poorly known, although the myodocope Sheina orri and,
perhaps, Vargula parasitica have adopted this form of carnivory (Bennett
etal. 1997).

Despite its widespread use as a feeding strategy amongst modern
ostracods, carnivory is difficult to prove in the fossil record. It relies
entirely on the exceptional preservation of distinctive, decay-prone,
anatomical features and/or intimate association with food items. The
importance and position of ostracods in ancient food webs is, therefore,
difficult to assess. Six putative examples of fossilised scavengers are
discussed herein. Although two of these are unlikely to be examples of
carnivory, there is fossil evidence of scavenging ostracods in the Triassic,
Carboniferous and Ordovician.

4.3 Carnivory in modern Ostracods

4.3.1 Predation

Predation by Recent myodocopes is normally restricted to small
invertebrates such as worms, copepods and podocopid ostracods (Cohen
1982; Cohen and Kornicker 1987). One of the most voracious predators
among ostracods is Gigantocypris muelleri, a large (up to 30mm long) and
excellent swimmer that generally preys on fish fry, copepods and
chaetognaths (Davenport 1990). Evidence for their diet being their gut
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contents, which were examined by Vannier et al. (1998) and Moguilevsky
and Gooday (1977).

The act of predation has not been widely observed in vivo, and the most
detailed account remains that of Vannier et al. (1998) who carried out
numerous laboratory-based experiments. The introduction of live annelid
polychaetes into an aquarium containing Vargula hilgendorfii, caused
rapid swarming of the ostracods, which began biting at the mouth, gills,
feeding tentacles, anus or ventral region of the body wall of the
polychaetes (Fig. la), perhaps attracted to undigested food particles or
secretions. Circular wounds on the epidermis and musculature resulted
(Fig. 1b), and although these were initially not deep enough to be fatal, the
release of blood and body fluids attracted yet more ostracods, which fed on
the wounded areas, tearing more flesh. It required only moderate numbers
(a few dozen) of cypridinids to kill and rapidly consume such prey
(Vannier et al. 1998).

Swarms of ostracods on larger animals have also been recorded in
freshwater lakes, although predation does not appear to have taken place.
Seidel (1989) reported that swarms of the podocopid candonid Cyclocypris
serena (which he erroneously called C. ovum — see Meisch 2000) were
found clinging to toads (Bombina variegata) and newts (Triturus vulgaris
and T cristatus). In one case, 263 individuals were counted on a single toad
and, in another instance, 65 observed on a newt. In these instances, there
was neither evidence that the ostracod swarms were attacking their “hosts”
(they may have been feeding on the amphibian secretions) nor that they
caused their death.

Predation by freshwater ostracods has been recorded, although not
commonly. Amongst the Cyprididae, Cypridopsis hartwigi attacks ciliates,
rotifers and insect larvae, and a swarm of between 10 and 15 individuals
have been observed killing molluscs such as Bullinus contortus and
Planorbis glabratus (Deschiens et al. 1953; Deschiens 1954). Eucypris
virens feeds on the terminal setae of the phyllopod Tanymastix and it is
also cannibalistic (Kiefer 1936). Heterocypris incongruens often attacks
small prey such as Daphnia magna, cyclops, copepods, other ostracods,
oligochaeta, cladocera and insect larvae (Ganning 1971; Meisch 2000).

Amongst the Candonidae, Cypria ophthalica has been observed
attacking and killing the gastropod Gyraulus crista in aquarium
experiments (Janz 1992). Normally, C. ophthalica lays its eggs on the shell
of the gastropod, immediately prior to it spawning and shortly before the
snail’s death. The newly hatched ostracods then feed on the snail carcass
(Janz 1992).
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Fig. 1. A modern example of carnivory in ostracods: Vargula hilgendorfii (c. 3
mm long) predating on a live polychaete annelid. b. The wound on a live
polychaete annelid after the attack of two specimens of Vargular hilgendorfii. c.
Vargula hilgendorfii (c. 3 mm long) scavenging an insect larva, the a. food can be
seen passing through the oesophagus and filling the stomach pouch. d. Lateral
view of Vargula hilgendorfii (length carapace 2.5 mm) showing the furcae with
claws and the second antennae for swimming. e. Vargula hilgendorfii (c. 3 mm
long) scavenging on the carcass of a dead squid. The swarm attacked the eye first
then penetrated into the body through the eye socket. f. Leuroleberis surugaensis,
a typical cylindroleberidid, showing the soft parts (the gills and filtering setae are
visisble). (carapace ¢. 5 mm long)

4.3.2 Scavenging

Scavenging is a common feeding strategy in Recent cypridinid
myodocopes which are able to ingest relatively large amounts of food
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rapidly, between periods of fasting (Vannier et al. 1998). Morphological
adaptation to scavenging includes the possession of a powerful furcal
complex, which allows them to anchor firmly onto carrion and dismember
it. Parker (1997) observed that the furca has several major functions in the
feeding process of scavenging cypridinids such as Azygocypridina lowryi,
including cutting and holding small food sections from an animal carcass
and removing small fish scales. In baited trap experiments (Cohen 1983
1989; Collins et al. 1984; Stepien and Brusca 1985; Vannier and Abe
1993; Keable 1995; Parker 1997) swarms of cypridinids (sometimes in
their thousands) were attracted to various food sources and in various
states of decay. Swarms of several hundred individuals of Vargula tsujii
gained access to internal tissues of dead or dying fish through natural
openings (e.g. anus, gill chamber, genitalia) or lesions (Stepien and Brusca
1985; Vannier et al. 1998), although they alone did not cause the injury to
the fish. They congregated along the base of their fins and around the
operculae and anal openings, where they fed exclusively on mucus and
skin, and it was only where isopods had caused serious injury that they fed
on internal organs.

Vargula hilgendorfii behaves both as a predator, attacking for example,
polychaete annelids, and as an opportunistic scavenger on carcasses of
larger animals such as fish and squid. It is well adapted to this lifestyle
morphologically; the fourth limb has strongly sclerotised setae on the
endopodite and the furcal lamellae possess claws (Fig. 1d). These limbs
are used to abrade and eventually tear open the integument of living prey
and carcasses. Vannier et al. (1998) observed V. hilgendorfii clustering
around injured areas of fish and penetrating the membrane covering the
eye of a dead squid in order to consume the liquid contents (Fig. 1e).

Scavenging in the freshwater realm is exemplified by a number of
members of the Cyprididaec (Podocopa). Swarms of Heterocypris
incongruens feed on dead gastropods (Meisch 2000) and carcasses of
water birds (Reichholf 1983), and Eucypris virens has also been observed
feeding on dead animals (Kiefer 1936).

4.3.3 Parasitism

Parasitism of fish by cypridinid myodocopes has been reported in several
cases (Wilson 1913; Monod 1923; Harding 1966). The myodocope
Vargula parasitica was said to congregate within the gills of hammerhead
sharks (Sphyrna zygaena), sea bass (Epinephelus adscensionis) and jack
fish (Caranx crysos) (Wilson 1913). It was argued that the ostracods had
remained in the gills for some time, which was evidence of parasitism. The



44 1. Wilkinson, P. Wilby, P. Williams, D. Siveter and J. Vannier

myodocope, Skogsbergia squamosa, was considered to be a parasite
(Monod 1923), having been found on dead fish and securely attached to
the head, mouth and back of live scorpion fish (Scorpaena scrofa) where,
it was said, they probably fed off the blood of the host. Harding (1966)
recorded the cypridinid Sheina orri firmly attached to the gills of fantail
rays (Taeniura lymna) and an epaulette shark (Hemiscyllium ocellatum)
and assumed they were parasitic. The parasitic lifestyle of these species
was questioned by Cohen (1983), who suggested that attacks were carried
out on dead or dying fish that had been injured as a result of trapping.
Although this is probably the case for some records, Bennett et al. (1997)
showed that parasitic ostracods exist; the gills of healthy specimens of
Hemiscyllium ocellatum, offshore eastern Australia, were infested with
Sheina orri. Evidence that Sheina orri led a parasitic lifestyle, attached to
fish gills are: puncture marks and grooves in the gill epithelium; the
ostracods always occurred between gill filaments and had been positioned
there for some time, such that gill filaments were distorted around the
carapace to form ‘pockets’; all of the ostracods were consistently
orientated with respect to the gill septum and arch, and generally in the
lower part of the hemibranch; the preferred orientation of the ostracods
within the ‘pockets’ precludes the notion that they were feeding on water-
borne food particles moving through the gills; and the fact that the
ostracods were attached to the host by means of hook-like claws on the
mandible and fourth limb.

4.4 Carnivory in the fossil record

Despite the fact that carnivory in ostracods is widespread in modern
oceans, examples in the fossil record are sparse and sometimes equivocal.
Evidence of predation in deep time is unknown, although it is reasonable
to suppose that it existed given the long history of nekto-benthonic
myodocopes, at least back to the Silurian (Siveter 1984), and the known
feeding habits of myodocopes such as Gigantocypris, Macrocypridina and
Vargula. Parasitism is likewise unknown in the fossil record as, without
the intimate ostracod-host relationship, parasitism cannot be directly
proved. Scavenging is a feeding strategy adopted by many Recent marine
invertebrates and ostracods are no exception (isopods for example which
are sometimes found together with ostracods on the same carcass). Indeed,
in certain settings ostracods form an important and prolific part of the
scavenging guild (e.g. Keable 1995). In order to demonstrate more
positively the occurrence of this lifestyle in ancient communities, the
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preservation of the scavenger in association with the scavenged carcass. It
might be supposed that fossil evidence of scavenging by ostracods should
be easily demonstrated, but it is in fact rare. There are six putative
examples in the geological record that have been considered to
demonstrate carnivory by scavenging, although two of these can no longer
be sustained.

4.4.1 Early Cretaceous Pattersoncypris micopapillosa from
Brazil

Bate (1971 1972) described an association between several hundred
podocopid ostracods, Pattersoncypris micopapillosa (Figure 2a) and a
teleost fish, Cladocyclus gardneri, from nodules within the Lower
Cretaceous Santana Formation (Romauldo Member) on the flanks of the
Chapada do Araripe, west of Recife, north-eastern Brazil. Bate considered
Pattersoncypris to belong to Cyprididae/Cypridinae, but Smith (2000)
pointed out its similarity with the modern species Eucypris virens and
concluded that it should probably be placed into Cyprinotinae.

Bate drew attention to the powerful ‘toothed’ mandibles and the
apparently close taphonomic relationship between the ostracods and the
fish, concluding that “the animal was a scavenger, feeding on decaying
plant and animal debris ...” He argued that the Pattersoncypris specimens
“were suddenly buried and rapidly asphyxiated, dying with their valves
slightly agape.” Considering the feeding habits of certain modern cyprids,
this appears to be a reasonable argument, but there are several reasons why
this conclusion cannot be supported. Ostracods occur in large numbers
throughout the succession, in some cases forming coquina or thin
ostracodal limestones, even when fish carcasses are absent. Therefore, the
large numbers of carapaces associated with the fish cannot be
unequivocally interpreted as swarming on carrion. The taphonomic
relationship between the ostracods and the fish has not been fully resolved,
none were found in an intimate relationship with the fish carcass, as is the
case of other examples of scavenging discussed herein, and there is still a
question whether they died at different times, or during the same
widespread mortality event. In addition, Smith (1998 2000) demonstrated
that the soft part anatomy of P. micropapillosa (Fig. 2b) showed close
similarities with modern E. virens and concluded that not only can it be
inferred that their limb functions were similar, but they also shared similar
lifestyles. Pattersoncypris, he argued, would have been morphologically
better suited to a nekto-benthonic, detritus feeding lifestyle rather than to a
specialised scavenging one (Smith 2000, p. 95).
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4.4.2 Jurassic Juraleberis jubata from Russia

Dzik (1978) documented the presence of several myodocope ostracods in
the gut region of an Upper Jurassic pliosaur reptile from the early Volgian
(Tithonian) of Pugatchov, Saratov District of Russia, which he considered
had been inadvertently ingested by the reptile. Boucot (1990, p. 209)
acknowledged this possibility but, in addition, suggested that scavenging
was a conceivable alternative explanation for the association.

Following a detailed examination of the holotype by Vannier and
Siveter (1995), a scavenging relationship now seems unlikely. Although its
soft part anatomy is imperfectly known, Juraleberis jubata (Fig. 2c) shows
affinities with Leuroleberis (Fig. 1f) and Cycloleberis and is assigned to
Cylindroleberididae and questionably to Cyclasteropinae. In modern
cylindroleberidids, the maxillae and fifth limb create water currents and
food particles are collected by the maxillar setae and directed to the mouth
by spatulate-like exopodites (Cannon 1933; Vannier and Siveter 1995).
However, Cannon (1933) interpreted structures on the 4™, 5™ (exopodite)
and 6™ limbs in Recent myodocopes, such as Cyclasterope, as filtering
devices, although he made no in vivo obsevations. It now seems possible
that these large ostracods were opportunistic filter feeders, able to grasp
and tear open carcasses by using their furca, releasing food particles
(especially if decay is advanced) so that the synchronized filtering device
formed by the 3 pairs of appendages, can be used by the ostracod to gather
the small food particles. This situation has been observed in association
with truly scavenging Vargula; clouds of minute food particles are
sometimes created when it feeds (Vannier, unpublished information). The
presence of similar structures on the appendages of Juraleberis (Figure 2d)
suggests that it belongs to this category of filter feeders.

4.4.3 Triassic Triadocypris spitzbergensis from Spitzbergen

One of the most compelling and widely accepted examples of scavenging
in the fossil record has been documented by Weitschat (1983), who
recovered exceptionally well-preserved myodocopes in close association
with ammonoids from the Lower Triassic of Spitzbergen. The association
is so well preserved that even the cilliate ectoparasites were present
(Weitschat and Guhl 1994), and the ostracods retain anatomical features
(Fig. 3a), including the first and second antennae, the epipodial fan of the
fifth limb and the seventh limb. Similarities can be seen between the
preserved soft parts of Triadocypris spitzbergensis and the modern nekto-
benthonic Vargula hilgendorfi, although the feeding appendages are
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missing or poorly preserved (questionable setae of the ‘biting apparatus’
on the fourth limb are present) (Vannier et al. 1998). Unfortunately, a
complete furca with furcal lamella (with claws) is absent, although a
sclerotised plate (or sclerosome) is present (Weitschat 1983; Parker 1997).
However, their close association with the ammonoids suggests a predatory
or scavenging mode of life (Vannier et al. 1998, p. 405-406).

Fig. 2. Filter-feeding ostracods that were originally believed to be carnivorous: a.
Pattersoncypris micopapillosa. A gaping carapace with preserved soft tissue from
the Lower Cretaceous Santana Formation, Brazil, and originally considered to be
scavenging teleost fish carcasses. Length: 1 mm (MPK13401). b. Details of the
same specimen preserved soft tissue. c. Juraleberis jubata, an opportunistic filter-
feeder.. Carapace (3.3 mm long) left lateral view with left valve removed to show
the soft anatomy (holotype PIN 3775/1). Collected from the late Jurassic of
Russia,and found in association with a pliosaur. d. Lateral detail of the epipodite
of left 5th limb of the same specimen. (Taken from plate 22, 91, figs 1 and 2 of
Vannier, J. and Siveter, D. J. 1995. Stereo-Atlas of Ostracod Shells 22, 86-95)

Swarming is one of the characteristics of scavenging ostracods and large
numbers (50-100 individuals) of Triadocypris spitzbergensis were found
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restricted to the body chambers of the ammonoid Keyserlingites, where
they apparently fed on soft tissues.

4.4.4 Carboniferous Eocypridina carsingtonensis from Central
England

The Lower Hays Farm borrow pit near Carsington, Derbyshire, formerly
exposed the Namurian Bowland Shale Formation. It yielded a large
carbonate concretion containing marine faunas dominated by goniatites
and bivalves, together with an association between a shark (Orodus sp.)
and a large number of individuals of the myodocope ostracod Eocypridina
carsingtonensis (Fig. 3b) (Wilkinson et al. 2004; Wilby et al. in press). At
least 250 individuals of E. carsingtonensis crowd the upper surface of the
shark and the displaced sections of its dermis, and also occur in smaller
numbers amongst the teeth and beneath flaps of dermis behind the head
(Fig. 3c-d). None occur beneath the shark or at any other level within the
concretion.

The association was located near the northern edge of the WNW-ESE
orientated Namurian Widmerpool Gulf where soupy mud-rich substrates
accumulated in poorly oxygenated water, locally at depths of at least 100m
(Holdsworth 1966; Trewin and Holdsworth 1973; Church and Gawthorpe
1994). As E. carsingtonensis has a well-developed, hook-like rostrum and
a broad rostral sinus, it was probably capable of active swimming.
However, unlike Recent pelagic non-mineralized halocypridids such as
Conchoecia and, for example Gigantocypris, which typically have weakly
calcified valves, those of FE. carsingtonensis are moderately well
mineralised suggesting a nekto-benthonic ecology, comparable to that of
the extant, morphologically similar species Vargula hilgendorfii
(Wilkinson et al. 2004). The association suggests that E. carsingtonensis
was feeding on the shark, the relationship being predatory, scavenging or
parasitic.

Although there are numerous examples of Recent myodocopes attacking
small invertebrates (such as worms, copepods and fish fry), they alone
could not cause serious injury to larger fish. Indeed, unrestrained fish
would have simply evaded the ostracods or shaken them off.
Consequently, a predatory relationship is unlikely. The only known
examples of parasitism in myodocopes show intimate association with fish
gills. This is inconsistent with the fossil association from Carsington, and
the number and the size of the ostracods involved are very different,
making a conclusion involving parasitism, unlikely.
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Eocypridina carsingtonensis is interpreted as having been preserved
whilst scavenging the carcass (Wilby et al. in press). Scavenging is a
common feeding strategy and cypridinids are rapidly attracted, often in
thousands, to a variety of food sources (including fish) in various states of
decay. Certainly, it can be that the relatively large Orodus carcass would
have exerted a powerful attraction on any opportunistic scavenging
ostracods. Although it is unlikely that they would have been able to inflict
serious damage to large fish such as Orodus, they may have gained access
to internal tissues through natural openings (e.g. anus, gill chamber,
genitalia) or lesions of a dead or dying fish to achieve their observed
distribution. Recent carnivorous myodocopes have well-developed eyes
(Vannier and Abe 1992) and some predatory mesopelagic species (e.g.
Gigantocypris and Macrocypridina) show adaptations to low light levels
(Land and Nilsson 1990). Opportunistic, scavenging myodocopes,
however, do not appear to rely on vision to locate carrion (Stepien and
Brusca 1985; Vannier et al. 1998), but chemoreceptors detect leaking body
fluids and other organic constituents (Anderson 1977; Parker 1998;
Stepien and Brusca 1985; Vannier et al. 1998). This appears to have been
the case in Eocypridina carsingtonensis was clearly capable of locating the
Orodus carcass and was prepared to travel relatively large distances into
the basinal parts of the Widmerpool Gulf, in order to reach the shark (its
absence from the background sediment indicates that it did not generally
inhabit this part of the Gulf). Light levels would have been greatly reduced
at depths in excess of 100m, but this was clearly not a problem; it may
have behaved in a similar way to modern scavenging myodocopes, which
are most active at night.

4.4.5 Early Silurian Colymbosathon ecplecticos from
Herefordshire, England

The Lower Silurian Wenlock Series of Herefordshire, west Central
England, includes volcanic ash with nodules (Briggs et al 1996; Orr et al.
2000). A number of animals, including soft part anatomy, are preserved in
3-dimensions within the nodules, including Colymbosathon (Fig. 3c), a
cylindroleberidid myodocope that lacks the setose comb on the fifth
appendage characteristic of modern forms (Siveter et al. 2003). It led a
nekto-benthonic lifestyle at water depth of 150-200 m and is believed to
have been a micro-predator and scavenger. As in modern scavengers, its
furca is well developed, perhaps to hold and cut prey or carrion. Abe et al.
(1996) showed that enzymes were present in the upper lip of Recent
Vargula to aid digestion, and Siveter et al. (2003) speculated that processes
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on the labrum of Colymosathon may have been similar enzyme-secreting
organs.

4.4.6 Late Ordovician Myodoprimigenia fistuca from South
Africa

Gabbott et al. (2003) reported associations between ostracods and
orthoconic cephalopods in the Upper Ordovician (upper Asgill) Cedarberg
Formation of South Africa. An argillaceous unit at Keurbos, the Soom
Shale Member, comprises finely laminated mudstones believed to have
accumulated in a shallow water milieu in a sheltered embayment. Small
numbers (typically <10) of the benthonic or nekto-benthonic myodocope
ostracod, Myodoprimigenia (Fig. 3f), are preserved on the upper surface or
within the body chambers of the orthocones (Fig. 3g-h) and, in one case,
associated with the radula. Several explanations for the associations can be
envisaged due to indifferent preservation (Gabbott et al. 2003). For
example, a purely fortuitous taphonomic causation for the
ostracod/cephalopod association might be argued, although this can be
discounted as the delicate myodocopes show no signs of transportation and
the sediment preserves evidence of neither current activity or bioturbation.
The intimate association of ostracods with the orthocones and their rarity
in adjacent sediment and elsewhere in the Soom Shale Member, suggests
that the ostracods were scavenging cephalopod carrion. The association,
therefore, represents the oldest known evidence of ostracod carnivory.

4.4.7 Cambrian bradoriids and the origin of carnivory

The origins of carnivory amongst Ostracoda are difficult to identify, as
evidence in the Cambrian is wanting, although this trophic position may
have been attained very early in the evolution of the group. Ostracods may
have been represented in the Cambrian by some Bradoriida (Fig. 4a-b),
although this probably polyphyletic taxon includes definite non-ostracod
genera such as Kunmingella (Fig 4c) (Hou et al. 1996; Shu et al. 1999;
Hou et al. 2004). Bradoriids such as Kunmingella douvillei are different
from ostracods morphologically, but they may have occupied similar
ecological niches (Shu et al. 1999; Vannier and Chen 2005). Carapace
morphology amongst bradoriid arthropods varies considerably, perhaps
reflecting, in some way, their preferred environmental niches and trophic
position.
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Fig. 3. Ancient scavenging myodocope ostracods. a. Triadocypris spitzbergensis,
from the early Triassic of Flowerdalen, Spitzbergen, was found associated with
ammonoids, and considered to be scavenging. Right valve, lateral view showing
gill-like structures, epipodite of 5th limb and 7th limb (holotype, GPIHM 2558,
2.9 mm long). (taken from Wietschat, W. 1983. Stereo-Atlas of Ostracod Shells
10, 127 -138, late 10, 130, fig 1). b. Eocypridina carsingtonensis from the
Carboniferous of Derbyshire, Central England, scavenged the shark Orodus. Left
valve, lateral view (8 mm long) (GSM105459) (taken from plate 1 fig. 2 of
Wilkinson et al. 2004, Revista Espariola de Microplaeontologia). c. swarm of E.
carsingtonensis in association with dermis from Orodus. d. diagrammatic
representation showing the ostracods (black) and dermal tissue (white). e.
Colymbosathon ecplecticos from the Early Silurian of Herefordshire, England.
Left lateral view of the male holotype (OUM C.295670) (taken from Siveter et al.
2003, fig. A, Science, 300). f. Myodoprimigenia fistuca, from the Late Ordovician
of South Africa, fed on the carcasses of orthoconic cephalopods. Right lateral
view of a carapace (holotype) (on slab C409). g. Swarm of Myodoprimigenia
fistuca on a cephalopod (slab C1002). Soom Shale, S. Africa.. h. Diagrammatic
representation of swarming Myodoprimigenia fistuca (black) on cephalopod
remains (white) (taken from Gabbott et al. 2003, figs 2¢-d, 4c Lethaia)
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Some bradoriids may have been motile epibenthic dwellers of the
sediment-water interface in a similar fashion to modern ostracods (Vannier
et al. 2005), but the suggestion that bradoriids may have been micro-
scavengers or micro-predators of unknown meiofaunal organisms (Vannier
et al. 1998), is conjectural. The protruding antennae of Kunmingella appear
powerful and might have been used for feeding. Their high abundance
supports the notion that bradoriids were important recyclers on the Early
Cambrian seabed (Shu et al. 1999), and coprolite evidence within the
Chengjiang (Vannier and Chen 2005) and Burgess Shale Lagerstitten
(Williams and Siveter unpublished data) indicates they were themselves,
an important food source for larger animals.

Fig. 4. Figure 4. Bradoriids may have been micro-scavengers or micro-predators
and some may have been motile epibenthic species that occupied the same niches
that ostracods were later to adopt. Some bradoriids may have been ostracods e.g.
Fig. 4a. Altajanella costulata Melnikova (1.19mm long) from the Tandoshka
Formation, Gorny Altay, Upper Cambrian, and Fig. 4b. Vojbokalina magnifica
Melnikova (1.37mm long) from the Sablinka Formation, Leningrad Region,
Russia, Middle Cambrian. However, Kunmingella douvillei (Fig. 4c, length of
whole specimen including appendages is 7mm) is a bradoriid from the Chengjiang
Lagerstaette, Lower Cambrian, Yunnan, China, that is no longer placed within the
Ostracoda on the basis of the preserved soft part anatomy (Photograph by Derek
Siveter; taken from Hou et al., 2004, The Cambrian Fossils of Chengiang, China:
The Flowering of Early Animal Life, Blackwell Science Ltd, Oxford)

There is no evidence of carnivory in bradoriids or in Ordovician
palacocopes. Myodocopes are, therefore, the oldest known carnivorous
taxa amongst the Ostracoda. Carnivory may have been one mechanism that
enabled ostracods successfully to colonise the water column and search for
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food, and, once pelagic, to enter environments from which the palaeocopes
were excluded.

4.5 Conclusions

The origins of carnivory amongst Ostracoda are difficult to identify, but
this trophic position appears to have been attained very early in the
evolution of the group. Predation may have begun amongst the benthonic
and nekto-benthonic species of bradoriids and this lifestyle was adopted by
early myodocopids.

Although there are numerous species of carnivorous ostracods in Recent
marine and freshwater milieux, there are few convincing examples in the
fossil record. Without soft part anatomy, functional morphology of
carnivorous taxa cannot be identified and we are forced to rely on
secondary evidence. There are, however, several cases of carnivory by
scavenging, all by myodocope ostracods. These are the Myodoprimigenia
/orthocone association in the Soom Shale Member, South Africa, the
Eocpridina/shark association in the Bowland Formation, Central England,
and the Triadocypris/ammonoid association in the Lower Triassic of
Spitzbergen. Although not recovered in association with carrion or prey,
the soft part anatomy of Colymbosathon, from the Lower Silurian of
Herefordshire, England, suggests it was probably a predator or scavenger.
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5.1 Abstract

This review deals of trophic relationships of crustacean decapods in rivers
with a floodplain. To do so the feeding aspects of some represents of four
families (Sergestidae, Palaemonidae, Trichodactylidac and Aeglidae) of
neotropicals decapods were analysed. Freshwater prawns and crabs are
considered to be not only predators but also preys being important
elements in the food chain of large rivers. This group is found everywhere
in the Parana systems, ranging from rivers to wetlands, from pelagic to
semi terrestrial areas, from free vegetation, such as beaches, to vegetated
areas. These crustaceans take part in the matter-energy exchange between
aquatic and terrestrial systems. This occurs because they constitute a
source of food for terrestrial and aquatic animals. Approximately, 85% of
the feeding ecology of prawns (Sergestidae and Palaemonidae) and 45 %
of crabs (Trichodactylidae and Aeglidae) of the Paranad River and its main
tributaries has been studied. From the data obtained from stomach content
analyses, it is evident that the diet of these decapods is mainly omnivorous,
using different trophic levels (plant remains, algae, zooplankton, insect
larvae, and oligochaetans, among others). Resource use may vary
according to diverse cycles (ontogenetic, ecdysis cycle, daily, annual etc.)
and also to the inter and intraspecific competitive pressure.

Keywords: Natural feeding, alluvial valley, freshwater, crabs, prawns,
stomach contents analysis.
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5.2 Introduction

Trophic relationships among Crustacea Decapoda are strongly influenced
by the association between communities and environments. Our example
deals with decapods interaction at different trophic levels in rivers with a
floodplain. Freshwater prawns and crabs are considered to be not only
predators but also preys being important elements in the food chain of the
large rivers. This group is found everywhere in rivers, from its principal
channel (e.g. planktonic shrimps) to the terrestrial area where cave-
dwelling crabs may travel many kilometers on the savanna under certain
circumstances of hydric stress (Fernandez and Collins 2002). The abiotic
and biotic factors characteristic of these large rivers, e.g. hydric and
thermal cycles, join to form a complex interrelationship. It must be taken
into account that freshwater decapod ancestors and current sea taxa live in
a more stable habitat. In South America, the Parana River flows through an
important floodplain of high environmental diversity. Therefore, and due
to its particular characteristics, some areas have been declared RAMSAR
sites (Giraudo and Cordiviola 2002). Its decapod fauna (Table 1) is less
diverse than the Amazon or other rivers in warmer regions, but one feature
of this system is that densities are very high (Collins 2000a, Collins et al.
2006). The Parana River system, together with the biogeographical regions
of the Amazon — Pantanal — Matto Grosso shares about 70% of freshwater
families. However, many of the components of the former are endemic,
e.g. Palaemonetes argentinus and Macrobrachium borellii (Collins et al.
2004).

Table 1. Genus of Crustacean Decapod at the Parana River and their floodplain

Infraorder Family Genus Vulgar name
Sergestidae Acetes Planctonic
shrimp
Caridea Palaemonidae Macrobrachium Prawn
Palaemonetes Prawn
Pseudopalaecmon Prawn
Brachyura  Trichodactylidae Trichodactylus Crab
Dilocarcinus Crab
Sylviocarcinus Crab
Zilchiopsis Crab
Poppiana Crab
Valdivia Crab
Anomura Aeglidae Aegla Pancora or Crab

This decapod group is probablyfound in a variety of habitats ranging
from rivers to wetlands, from pelagic to semi terrestrial areas, from free
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vegetation, such as beaches, to vegetated areas. Furthermore, the same
species can change habitats according to different internal (ontogenetic and
ecdysis cycles) and external (hydric, daily, annual cycles) conditions, thus
influencing its intra and interspecific relationships (Collins et al. 2006).

There can, however, be a wide range of changes in the physicochemical
parameters of the environments where they live. For example, conductivity
ranges from 60 pS cm” to 7,000 uS cm™: temperatures can fall below 10
°C or rise above 40 °C; or a certain environment can even dry out
(Fernandez and Collins 2002; Collins 2005a; Collins inedited).

In the diverse environments existing along the Parana River and their
tributaries, Crustacea Decapoda can survive and adjust to the variations of
abiotic conditions, including those associated to the hydric cycle, namely
high and low water periods and even drying in certain cases. For these
adjustments to be effective, feeding plays a significant role, having to
supply the nutrients that development requires at each ontogenetic stage in
all environments and seasons.

It is important to consider that this system started at Pliocene 3 to 4
million years ago (Paoli et al. 2000) and in this period these crustaceans
had to adjust to unstable conditions, even when coming from a more stable
system like the sea, or migrating from other freshwater systems,
undergoing all the typical changes of freshwaterization.

5.2.1 Physical Environment: A river with a floodplain

Large rivers with extensive floodplains can be found in South America.
The Parana River, from the Plata system, is the second in importance. It
has a basin of approximately 2.8 million km®. In general, it has a soft slope
and its main channel is anastomosed, forming several secondary streams,
islands with internal ponds and a complex system of shallow lakes, the
dynamics of which follow the hydric cycle (Fig. 1). The cycle has a regular
flow, with high and low water periods occurring in winter and summer
respectively. Water discharge ranges from 500 million m’.s™ to 65,000
million m®.s™, their mean values being 16,000 m>.s™. This variation causes
different degrees of communication between the lotic and lentic
environments throughout the year (pre-isolated, isolated, post-isolated and
flooded periods), the identity of the shallow lakes being lost during floods.
These differences are characteristics of each lentic environment and
depend on lake volume, distance from river, amplitude-longitude of
flooding pulse and time of water residence (Fig. 1) (Bonetto and Waiss
1995).
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Fig. 1. Schematic representation of rivers with floodplain in South America (e.g.
Parana River) including details of three shallow lakes (A); transverse section of
the Parana River showing the main channel and floodplain with lakes and
secondary channels during flooding (high level) and falling (low level) phases (B);
normal water-cycle level of the Parana River (C)

5.2.2 Potential predators

When considering trophic interrelationships, those groups which can pose
a direct or indirect risk of minor or extreme injury to these crustaceans are
included.
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First of all, it must be pointed out that cannibalism occurs within this
group, mainly involving those individuals which have just molted, or those
of a smaller size (Williner and Collins 2000).

As also happens among certain other species, some prawns attack other
less aggressive species: in the case of two sympatric species, M. borellii
causes more frequent damage to P. argentinus. The analysis of stomach
content indicated that it is possible to establish trophic relations and place
the species in a trophic web. This network showed that decapods are an
important component of the aquatic community due to their density and
their role in the energy transfer (Fig. 2). Several authors refer to Decapoda
as the components of the fish trophic spectrum (Bonetto et al. 1963;
Cabrera et al. 1973; Oliva et al. 1981). Furthermore, crustaceans take part
in the matter-energy exchange between aquatic and terrestrial systems.
This happens when they are preyed upon by bird species (Beltzer 1983a, b;
Beltzer and Paporello 1984; Beltzer 1984; Navas 1991; B6 and Darrieu
1993; Lajmanovich and Beltzer 1993; Navas 1993, 1995). In addition, it
can be seen in literature that crabs of the Trichodactylidae family are part
of the trophic spectrum of some mammals and amphibians (Massoia 1976;
Bianchini and Delupi 1993; Lopez et al. 2006). Moreover, crabs from the
Aeglidae family have been mentioned as preys of caimans (Bond Buckup
and Buckup 1994). Likewise, some aeglids have been found in the
stomachs of fish (Ferriz et al. 2000), and the Neotropical river otter (Gori
et al. 2003). Some crabs have also been commonly preyed upon by snakes
(Gallardo 1977; Williams and Scrochi 1994) and even by monkeys (Port-
Carvalho et al. 2004).

5.2.3 Potential preys

Even minor components are included when considering the potential
trophic offer. This is the case of fungi, for example, since their intake
supplies nutrients to the group, whether directly or indirectly. This could
be attributed to the fact that these elements can be deliberately caught or
occasionally accompany the intake of other preys. Furthermore, some
bacteria can contribute to the decomposition of some elements when the
food has been transported to the interiors of the digestive tract.

Also, in order to evaluate potential preys, the various communities
(planktonic, benthic, and associated vegetation) have to be evaluated.

Natural fauna supplies and satisfies decapods with macronutrients
(proteins, lipids, and carbohydrates) and micronutrients such as vitamins,
cholesterol, phospholipids, and minerals (Collins 2004). Common preys
provide them with a high ratio of proteins (49-59 %) and planktonic
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elements such as cladocerans, copepods, and phytoplankton play an
important role at certain moments of their ontogenetic and seasonal cycles.
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Fig. 2. Potential predators of Crustacean Decapods from aquatic and terrestrial
environments of the Parana River and their possible direct (thick line) and indirect
(fine line) relationships
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Fig. 3. Potential preys of Crustacean Decapods from aquatic and terrestrial
environments of the Parana River and their possible direct (thick line) and indirect
(fine line) relationships

As these organisms supply them with necessary vitamins and
microelements, it is important to include them in the trophic analysis of
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this group, though in certain cases their volumes may not seem significant,
or their intake is considered accidental (Collins 1999a).

Among the biotic components that may appear in the system, we should
consider mesotrophic bacteria and their variation according to the
concentration of suspended solids (Emiliani 1985). Phytoplankton is
abundant and diverse, evidencing differences between the main channel,
the secondary stream, tributaries and ponds. This group is homogenized
horizontally as well as vertically during the high water periods. Dominant
groups are diatoms, green and green-blue algae. The most significant
changes occur in the Chlorophyceae and Cyanophyceae groups during the
course of the year (Garcia de Emiliani 1990; Izaguirre et al. 2001; Unrein
2002). Zooplankton is mainly represented by rotifers, cladocerans and
copepods manifesting seasonal changes in density and composition and
reaching values of 150,000 ind.m™ (Paggi 1980; Jose de Paggi 1984).

Benthic fauna of the main channel is scarce and presents a
homogeneous structure. The qualitative and quantitative composition of
this community is differentiated with higher values towards the floodplain.
The same happens in lentic environments, near or far from the main course
(Drago et al. 2003). The main taxa represented correspond to Nematoda,
Oligochaeta, Copepoda and Diptera (Chironomidae larvae) reaching
density values of 90,000 ind.m? (Marchese 1984; Bertoldi de Pomar et al.
1986). In turn, benthic microfauna at the water-sediment interface is
constituted by ciliates, flagellates, amoebas, platyhelminths, nematodes,
gastrotrichs, rotifers, oligochaetes, cladocerans and ostracods, reaching
values of 196 ind.cm™ (Ojea 1994). Aquatic vegetation develops and is
associated with islands, shallow lakes and the riparian area in the
floodplain, showing the highest growth in the months when the
temperature exceeds 15 °C (Lallana 1980). This vegetation is related to an
abundant trophic offer and refuges, due to its variety in fauna taxa and
microhabits, including nematodes, oligochaetes, cladocerans, copepods,
ostracods, amphipods, insects and molluscs (Poi de Neiff and Carignan
1997). Sarcodines, rotifers, hirudinidans, coelenterates and other
invertebrates and vertebrates such as fish, amphibians, reptils, birds and
mammals are also frequent.

Among macroinvertebrates, densities reach values above 115,000 ind.m
? at certain moments of the year (Paporello de Amsler 1987). Fluctuations
in hydric levels in addition to limnic properties (transparency, nutrients,
granulometry, and current velocity) and temperature determine the
differences in the quantitative and qualitative composition of the
mesofauna in the vegetated areas on riparian and flooding areas of the river
(Bruquetas de Zozaya 1986).
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5.3 Feeding ecology

Approximately, 85% of the feeding ecology of prawns (Sergestidac and
Palaemonidae) and 45 % of crabs (Trichodactylidae and Aeglidae) of the
Parana River and its main tributaries has been studied. From the data
obtained from those analyses, it is evident that the diet of these decapods is
mainly omnivorous, using different trophic levels. However, trophic-habit
characterization is very wide, e.g. some prawns are considered scavenger-
predators, such as Macrobrachium nattereri in the Amazon basin. Others
are considered carnivorous, such as M. malcolmsonii or bottom feeders,
such as M. gangeticum in the rivers of India and M. idella idella in
Tanganika Africa (Jayachandra 2001). According to this characterization,
in some species a higher proportion of fauna elements can be observed
among the stomach contents, whereas others select vegetation (algae and
macrophytes) (Table 2). In turn, resource use may vary according to
diverse cycles and to inter and intraspecific competitive pressure (Collins
2005b). For example, M. borellii is an omnivorous prawn, exhibiting a
more significant presence of animal items as preys. They mainly feed on
dipterans and oligochaete larvae (Collins and Paggi 1998; Collins 2005b).
A similar characteristic can be found in other species of Macrobrachium
(M. amazonicum, M. carcinus, M. idella, M. rosembergii) and genus
Palaemon, Processa and Penaeus (Collart 1988; Lewis et al. 1966;
Jayachandra and Joseph 1989; Ling 1969; Guerao 1994, 1995; Wasemberg
and Hill 1987). Similarly, M. jelskii, a prawn which is distributed in the
system of large rivers in South America (Collins 2000b; Melo 2003),
shares an homologous trophic spectrum (Collins 2001).

Acetes paraguayensis, another omnivorous shrimp, feeds mainly on
phytoplankton and zooplankton (rotifers and microcrustaceans) (Collins
and Williner 2003) such as Palaemon adspersus and P. serratus, as well as
Pseudopalaemon chryseus and P. amazoniensis of the Amazon basin
(Figueras 1986; Kensley and Walker 1982). A. paraguayensis also feeds
on larvae of chironomids and oligochaetes. Therefore, their natural diet is
made up of elements from the benthic and lotic littoral communities. This
reveals that this species trophically links lentic and lotic habitats, as well as
benthic and pelagic communities, playing an important role in the energy
transfer between shallowlakes and rivers (Collins and Williner 2003).

Among crabs, the omnivorous Dilocarcinus pagei incorporates a great
quantity of plant material, for which it is considered a grazer or browser
(Williner and Collins 2002). Likewise, T. borellianus shows similar
characteristics to Adegla uruguayana and A. platensis. However, these two
crabs present a higher percentage and diversity of animal elements
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(Williner and Collins 1999; Bueno and Bond-Buckup 2004; Williner and
Collins 2005).

Feeding habits of many Decapoda change according to the stage of their
life cycle, due to their larval development. There is no ontogenetic
variation in the diet of those in which larval development is abbreviated,
i.e., those which are born at an advanced larval stage or almost as adults.
This occurs, for example, in M. borellii and all crabs of this system. In the
early stages, after eggs hatch, they have the characteristics of adults and
use the same habitat corresponding to the littoral-benthic community.
However, an example of a prawn that undergoes ontogenetic changes is P.
argentinus, which during the stages after egg hatching develops planktonic
habits (Boschi 1981) (Fig. 4). This is the same situation for M. rosembergii
of Asia, M. gangeticum of Ganges River or M. idella idella of African
freshwater environments. On the other hand, the ontogenetic shift can
happen from omnivorous to carnivorous as is the case for M. malcolmsonii
of the rivers of India (Ibrahim 1962; Rao 1967; Jayachandra and Joseph
1989; Roy and Singh 1997)

Further light on the trophic ecology of this group came from a study of
the elements found in the digestive tract. Oligochaetes and insect larvae
were the resources mostly used by all prawns and crabs, except D. pagei
and A. wruguayana. Insect larvae belong to the ephemeropteran,
tricopteran and dipteran orders, the latter being found mainly in the
Chironomidae family (Chironomus sp., Parachironomus sp.), whereas in
oligochaetans the most frequent genera were Dero sp. and Pristina sp.
These groups are common among aquatic vegetation and benthos which
indicates that these environments are used for a trophic purpose. Regarding
the concept of optimal foraging, those groups show in the energy equations
a positive gain / cost ratio, what it is recognized for several groups of
aquatic animals (Popchenko 1971; Bouguenec and Giani 1989; Collins and
Paggi 1998). Another positive item in the energy relationship is
represented by the non parasitical nematodes found in the stomachs of
prawns such as preys, mainly M. jelskii, M. amazonicum and P. argentinus
(Table 2).

Microcrustaceans are elements which are frequently found in the
stomachs of prawns and with a slightly less frequency in crabs (Table 2),
including ostracods (e.g. Cypridopsis sp.), cladocerans (e.g. Macrotrix sp.,
Chydorus sp., Bosmina sp.), calanoid copepods (e.g. Notodiaptomus sp.,
Diaptomus sp.) and ciclopoid copepods (e.g. Macrocyclops sp., Eucyclops
sp.). These include species that are part of the planktonic as well as benthic
community and associated to vegetation (Collins and Paggi 1998). This
makes it possible to visualize their ability to use a great variety of
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environments, also exploiting the water column, as is reflected by the
pelagic shrimp A. paraguayensis.
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Macrobrachium borellii
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Fig. 4. Relationships between decapod size (cephalothorax length in prawns,
width carapace in crabs) and mean of the prey size found in their stomach
contents. (According to Collins and Paggi 1998; Collins 1999; Collins and

Williner 2005)

Decapods, as a food resource, are common in aeglids and in the most
aggressive prawn M. borellii although it can also be seen in P. argentinus
(Table 2). The protozoa (e.g. Diflugia sp., Chlamidaster sp.) and rotifers
(e.g. Brachionus sp., Keratella sp.) found in the stomachs of crabs and
prawns are all mainly associated with the presence of some substrate, plant
and/or belong to the epibenthos, or in some cases they also use typical

species of plankton (e.g. Lecane sp., Bosminopsis sp.).
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Table 2. List and frequencies of major food items found in prawns and crabs that
inhabit the floodplain of the Parand River and their tributaries (* low frequency;
** medium frequency; *** high frequency). UA: unicellular algae; FA:
filamentous algae; C: Cyanophiceae; B: Bacillariophiceae; PR: plant remains; F:
Fungii; PROT: Protozoa; ROTIF: Rotifera; N: Nematoda; OS: Ostracoda; CLAD:
Cladocera; COPCAL: Copepoda Calanoidea; COPCICL: Copepoda Ciclopoidea;
D: Decapoda; CH L: Chironomidae larvae; I L: other Insecta larvae; A: Acari; T:
Tardigrada; OLIG: Oligochaeta; S: sand. 1. Collins and Williner 2003, 2. Collins and
Paggi 1998, 3. Collins 2005b, 4. Collins and Williner 2001, 5. Collins and Williner 2002,
6.Collins 19990, 7. Williner and Collins 2002, 8. Williner and Collins 1999, 9. Collins and
Williner 2005, 10. Williner 2003
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Among algae, those which have a filamentous morphology (e.g.
Basicladia sp., Oedogonium sp., Zignema sp.) are very commonly found in
the stomachs of both crabs and prawns. On the other hand, algae with a
unicellular morphology (e.g. Coelastrum sp., Ankistrodemus sp., Euastrum
sp.) show variations in quantity as well as in frequency, blue-green algae
(e.g. Gloeotrichia sp., Nostoc sp.) being the rarest group. However,
diatoms (e.g. Gomphonema sp., Navicula sp., Bacillaria sp.) correspond to
a group which is very common in some crabs and prawns (Devercelli and
Williner 2006). Among the plants found in all species, vascular
macrophytes show the highest values, both in frequency and quantity
(Table 2).
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Fig. 5. Weighted result index (RW) of food items from the stomach content of
Aegla uruguayana (A) and Trichodactylus borellianus (B) according to the angle
of preponderance. (A) More influence of the volume of the item: Maquatic plant, A
oligochaetes and chironomid larvae, 4 naupli, ostracods and terrestrial insect,
_ cladocerans, @ copepods. More influence of the frequency: < rotifers, X tardigrades, +
amoebas, [ filamentous algae, unicellular and colonial algae, diatoms, fungi and ciliates.
(B) More influence of the volume of the item: Maquatic plant, Aoligochaetes, _
chironomid larvae, @ insect larvae. More influence of the frequency: < cladocerans, X
copepods, [ filamentous algae, unicellular algae, diatoms, fungi, amoebas, rotifers

The Index of Relative Importance (IRI) and the Weighed Resultant
Index (RW) (frequently used in birds and fish) were applied to quantify the
consumption of the different items in order to assess and compare the
importance of each group as a trophic resource (see Appendix 1).
Considering the frequency, amount and size of each prey, these indexes
make it possible to evaluate each food item present in the stomach
contents. The remains of plant, oligochaete and chironomid larvae are the
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most important resources, while rotifers and protozoa are of a lower value
(Figs. 5, 6).
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Fig. 6. Index of Relative Importance (IRI) of major food items found in prawns
and crabs that inhabit the floodplain of the Parana River and their tributaries
(mean values of annual and daily cycles and of several sites). UA: unicellular
algae; FA: filamentous algae; B: Bacillariophiceae; F: Fungii; PR: plant remains;
PROT: Protozoa; ROTIF: Rotifera; CLAD: Cladocera; COPCAL: Copepoda
Calanoidea; COPCICL: Copepoda Ciclopoidea; CH L: Chironomidae larvae; I L:
other Insecta larvae; OLIG: Oligochaeta. (modified from Collins and Paggi 1998;
Collins 1999b, 2005b; Williner and Collins 1999, 2002; Collins and Williner
2002, 2003)

5.3.1 Selectivity

There is a certain preference towards slow moving and large preys rather
than small and very evasive preys, due to optimal energetic balances. In
turn, the former are most frequently chosen for their high protein content
and essential aminoacids (Collins 1999a).



72 P. Collins, V. Williner and F. Giri

The selection of food items fluctuates according to the cycles and
movements of preys, e.g. vertical and horizontal movement of
zooplancton, availability affected by circadian, seasonal and annual cycles,
being the hydric cycle the most important structuring factor (Fig. 7)
(Collins and Paggi 1998; Collins 1999b; Collins et al. 2006).

Crabs, in this region, are considered to be efficient phytoplancton
grazers. Moreover, other decapods can be considered effective predators of
benthic macroinvertebrates which move slowly. However, they also catch
their prey in open waters.
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Fig. 7. Pearre Food Selection Index (Ci) of four groups found in two prawns that
inhabit the Parana River and their floodplain. Mean values and standard deviation
(line) of annual cycles. Algae (A): unicellular, filamentous algae; microcrustacean
(M): Cladocera, Copepoda Calanoidea; Copepoda Ciclopoidea; Oligochaeta (Olig)
and Chironomidae larvae (CH L) (modified from Collins and Paggi 1998; Collins
1999b)

5.3.2 Circadian rhythms

The rythmic manifestation of any activity is influenced by exogenous and
endogenous factors which act to improve the energetic equation of the
activity at the lowest possible risk. Environmental conditions, succession
of days and nights, the presence of prey and predators, together with the
characteristics of the preys, associated with the higher or lower number of
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hard parts constitutes external agents that adjust the frequencies in the
trophic activity (Aréchiga and Rodriguez-Sosa 1997). Therefore, the
trophic activity of freshwater decapods occurs over a 24-hour-period, but
not with the same intensity. Qualitative and quantitative variations of the
ingested material indicate periods of higher or lower activity. Such
moments cannot only be observed due to the fullness of digestive tracts
(Fig. 8) but also through oscillations in enzymatic secretion (Cuzon et al.
1982; Giri et al. 2002). Variations in activity occur differentially according
to age or stage of development, being in juveniles more irregular than in
adults, and this characterizes the species and the population. These cycles
can vary according to the elasticity of each species and their ability to
respond to external pressure, adjusting to a new periodicity in which the
risks of attacks are lower (Fig. 9) (Giri et al. 2002; Collins 2005b).
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Fig. 8. Stomach fullness index of prawns and crabs during several daily cycles
(mean values and standard deviation). Ranging from 0 (empty) to 5 (stomach fully
distended with food (modified from Williner and Collins 2002; Collins, 2005b;
Collins and Williner, 2005)

The size of the stomach together with the presence or absence of
internal structures which imprint a certain pace onthe food process, in
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addition to other factors, are some of the elements which may act as
structuring factors. In turn the cycle presented by cells F, R and B in the
hepatopancreas complete the complex interaction of elements. The
production of digestive enzymes, possible sex differences, ecdysis and
hormonal factors among others, act internally modeling the expression of
trophic activity (Collins 1997a; Cuzon et al. 1982; Boschi 1981; Shyama
1987; Collart 1988).
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Fig. 9. Food niche breadth (B) of P. argentinus (- - -) and M. borellii (
circadian cycle (for more detail see Collins 2005b)

)in a

One of the factors to be determined in order to define a cycle is the time
taken to digest and evacuate the excess of prey. From the evaluation of the
consumption of insect larvae in P. argentinus it can be seen that the
process occupies 39% of one whole day and it varies according to size
(Giri et al. 2002). This period could also be modified by the type of prey
consumed due to the presence of hard structures, as mentioned above,
which may lead to a slowing down of the digestive processes. In the case
of this prawn, for example, a full stomach requires 10 hours to become
completely empty. This indicates that the same individual could fill its
digestive tract at least twice a day (Giri et al. 2002).

Among marine shrimps, it was observed that the evacuation rate occurs
an hour after ingestion in Penaeus esculentus whereas in P. monodon only
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half of the stomach contents are emptied in this period. This variability in
the digestion rate is also related to the characteristics of the prey ingested,
in addition to the higher or lower quantity of hard or indigestible parts
(Hill 1976; Hill and Wasemberg 1987; Marte 1980).

The manifestation of a cycle is given by behavioral pressures (e.g.
competence, agonistic behavior, predator press), and are also shaped by
physiological and morphological characteristics of the species which act
on the populations so that a certain activity exhibits a rhythm. In the
former, we refer to actions which tend to avoid visual predators and the
coupling of the rhythm of potential preys. Another element considered to
be behavioral is the pressure exerted by competition, as is shown by two
sympatric prawns (P. argentinus and M. borellii). This last species shows
aggressive behavior towards P. argentinus (Collins 2005b). This character
displacement can be observed when the trophic offer is not very abundant
and the population size, using this resource, is large. In a floodplain, this
can be evident when the lakes are isolated from the main channel and the
water surface begins to become smaller. Besides, the effect of the ecdysis
cycle is associated to starvation after molting, which masks the normal
rhythm. When all the structures in charge of the manipulation of preys
become harder, they start feeding again (Collins 1995).

In general, decapods increase their trophic activity from sunset to the
hours immediately preceding and following dawn. This rhythm results
from the interaction between a certain stage of the cycle and a stimulus
which in the case of M. borellii may possibly be the photoperiod (Collins
1997a). The most frequent consumption of certain items at a certain
moment during the day also indicates the habitat it frequents. For example,
in the crab D. pagei, animal items, such as oligochaetes, amoebas and
rotifers, are more common at night and associated to the intake of sand and
sediment particles. Other animals can be taken in together with plants,
such as ostracods. The same is so for cladocerans and copepods, being
frequent members and associated to the littoral and benthic community.
The remains of plants are more frequent during the day, indicating that
these crabs move along the water column to feed and find shelter (Williner
and Collins 2002). On the other hand, similar tendencies have also been
observed in prawns, except among P. argentinus.

For decapods, in rivers with a floodplain, the effects of tides are not
relevant in shaping daily cycles, while the effects of the moon have yet to
be studied.
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5.3.3 Annual rhythms

Trophic activity is not of the same intensity throughout the year. This is
due to the presence and abundance of certain potential preys which are
affected by thermal and hydric cycles.

Along the Parana River and in its floodplain, the highest level of food
consumption occurs between spring (September-October) and autumn
(April-May) when both the most important (hydric and thermal) cycles
show high values. In this period, growth and development are more active
together with the occurrence of reproductive events (Collins and Paggi
1998). In winter, when macrophytes decrease their coverage due to the
cold weather and the low levels of the river, microcrustacea and plankton
are used as an important alternative resource. On the other hand, in spring
there is also an increase in the consumption of algae and plants supplying
and supplementing diets with vitamins and other essential substances. This
allows for an optimal and more frequent ecdysis together with
reproduction.

Sergestid shrimps are worthy of note. They are commonly found in
estuarine and marine environments, but Acefes paraguayensis habits in
some neotropical rivers. Its feeding habits have been analyzed during
migration and high water periods, corresponding to summer and early
autumn. From the analysis of stomach contents it was concluded that 4.
paraguayensis preys on littoral and lotic communities.

5.4 How does Crustacea Decapoda obtain its food?

The food present in the stomachs of Crustacea Decapoda is macerated by a
complex system of internal and external structures (Collins 2000a, Giri and
Collins 2003, 2004; Williner and Collins 2005). Preys are caught in
sediment, aquatic vegetation, and water column and/or scraping from any
substrate by the chelipeds -second pereiopods. Afterwards, food passes to
the mouthpieces where it is broken, macerated and mixed with mucus.
Then the material enters the stomach, where it is further crushed by
chitinous structures and sand (e.g. Dilocarcinus, Aegla), or only by sand
taken in together with food (e.g. palaemonids).

The structure of the digestive system and the feeding habits of decapods
can be divided into two large groups. Firstly, one in which food is finely
mashed in the cardiac chamber of the stomach by chitinous structures
(gastric mill) able to break and mash (large crabs and aeglas). Secondly,
another group, the members of which show a stomach free from ossicles
and teeth that only have a line of setae of a filtering function which lead
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the remains or pieces of food to the following segments of the digestive
tract (hepatopancreas and intestine) (prawns). In the latter, food returns to
the external mouthpieces so that these mash them again, and this happens
as many times as is necessary so that food reaches a minimum particle size
so that it can pass the filters towards the pyloric stomach. The stomach is
divided in two chambers: in the first one (cardiac stomach) the pieces of
food are mashed again by the gastric mill and/or the erosive action of the
sand clusters taken in with the food. Then, particles go through certain
setae which act as filters to the pyloric stomach, where digestion continues.
Particles of a certain size, in turn, pass to the mid- intestine gland or
hepatopancreas, where in their tubules the digestion ends and the R-cells
absorb nutrients.

The great amount of suspended detritus in the water column suggests
that it is intaken together with the prey or during manipulation. Sand grains
may assume the role of a gastric mill in those species which lack one (e.g.,
palaemonids).

Regarding the functionality of the feeding process, it was observed that
the trophic niche width is similar among groups. The obtaining of food
depends on the relationship between the incorporation of energy and the
expense of metabolic consumption, growth, reproduction, maintenance of
body processes, food search and prey manipulation. The predation process
consists of a series of linked events likely to be divided into three stages:
search, capture and intake. For example, in the group of better swimming
ability such as prawns, this activity increases before the recognition of the
presence of prey settling on some substrate after the prey has been caught.
During the first phase, decapods perceive the movement of food by means
of mechanoreceptors, which is followed later by chemical receptors.
Visual recognition may not be considered important or efficient in these
environments, due to the fact that the natural habitat is unfavorable in this
sense due to the high content of suspended material (Giri and Collins
2004). For the recognition of dead or motionless food only chemical
receptors may be effective.

Choosing the prey for prawns is related to body size and pelagic or
benthonic habits shown by species during their development. In general,
there is a more efficient use of food by the smaller than by bigger eaters
observed in the variation of the food conversion rate as well as in the
growth rate (Collins and Petriella 1996, Collins 1997b, 1999a, 2004). This
may also depend on the moment of the life cycle of the individual and the
type of prey captured, being size, presence of hard or protective structures
and the prey's ability to move important factors (Giri and Collins 2004).
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Fig. 10. Relationship between larvae offered and larvae eaten by two prawns.
Prawns grouped in a population (triangle). M. borellii small (point line), medium
(dashed line), large (solid line). Adult of P. argentinus (circle). (Modified from
Collins 1998; Giri and Collins 2003)

After a period of starvation, the use of resources is active in the first
hour. Predation decreases with time, due to the satiation process. Daily
predation fits a functional response type 2 (Begon et al. 1995), increasing
the consumption rate together with the increase in prey density. However,
the predation rate decreases reaching a plateau in which the consumption
rate remains constant regardless of prey density.

A rhythm can be observed in feeding, which may be due to the
succession of days and nights with the corresponding oscillation of
external factors of ecological interest, as well as the internal factors already
mentioned (Fig. 10).

The fullness of the digestive tracts through a greater capture of preys is
followed by an increase of enzymatic secretion. Renewal rate determines a
significant time in the cycle, which may account for the variations in time
(hours and days) (Giri and Collins 2003).
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Appendix 1

Trophic analysis in freshwater prawns and crabs. Some methodological
considerations.

In trophic studies, there are different possibilities in approaches to
understanding feeding relationships. This review is based on the data
related to the analysis of stomach content. Another tool is the use of a
stable isotope to map the routes that the nutrients follow in freshwater
ecosystems (Peterson and Fry 1987). This methodology provides important
information and represents the future step in better understanding the
trophic relationships of neotropicals decapods.

The study of stomach contents in decapod crustaceans from freshwater
present certain difficulties due to several factors, among which we can
mention the small size of individuals and therefore the small size of
stomachs, as is the case in prawns. Likewise, the maceration degree of the
food items, due to the mechanical breakdown in the mouth and cardiac
stomach, makes it difficult to recognize the ingested food.

This appendix adds to the knowledge of some aspects that should be
considered important when starting a trophic study. They emerge from the
analysis of the natural diet of some prawns and crabs in different
freshwater systems.

A first point to consider is that it is necessary to set a sampling schedule
regarding intake moments. Even though these decapods eat their food
throughout the day, there is usually a time span in which such activity is at
its highest peak.

If the aim is not to analyze the daily feeding cycle and we want to make
sure that most stomachs have a high degree of fullness, setting such a span
is necessary. The degree of foreguts fullness was assessed visually by a
subjective scale ranking. Each foregut was assigned to 0 (empty) from 3
(fullness). Visual assessment was made possible by the fact that the
foregut is a thin-walled translucent organ. Thus, the sample size to be
studied in order to be representative can be optimized. The method to fix
and preserve the organisms avoiding that the ingested material is



86 P. Collins, V. Williner and F. Giri

regurgitated is also particularly important. On this topic, we have observed
that specimens anaesthetized by cooling in a refrigerator with ice and
preserved in 70% alcohol or 10% formalin in the field is the best technique
as almost no food is regurgitated.

Another factor for the optimization of the number of organisms to
analyze is the use of a Diversity Index (Shannon and Weaver or Simpson)
(Legendre and Legendre 1979) which plots the diversity curve
accumulated by the stomach while its contents are observed. Thus, the
moment the curve becomes asymptotic; it is evident that this number of
stomachs can be considered sufficient to achieve representativeness.
However, it is important to study a higher number of stomachs than the
quantity yielded by the application of the index mentioned above.

On the other hand, before starting observations, it is necessary to
consider if the contents of the stomach is to be quantified on a full stomach
as happens in prawns and crabs of a small size. Otherwise, it would be
necessary to establish a certain number of aliquots due to the fact that the
volume of the ingested material is important as happens in big stomachs.
In both cases, counts and quantification are done through microscopic
observation at different magnification (10X, 20X, 40X) according to the
size of identifiable fragments. For example, in degla species, the size of
identifiable fragments ranges from 50 to 1,500 pm (Williner and Collins,
2005).

To express the results of the observation of stomach contents, several
indices can be applied. The interesting indices are those that take into
account the volumetric data, for they provide more information than those
using only frequency data. Disadvantages, however, are linked to the
observation time and the calculus implied. Some indices frequently applied
are: e.g. Index of Relative Importance (IRI) (Pinkas et al. 1971), Weighted
Resultant Index (RW) (Mohan and Sankaran 1988), points method
(Swinnerton and Worthington 1940), Occurrence method (Pillay 1952),
and index of preference Bhatnagar and Karamchandani (1970). Detailing,
Weighted Resultant Index (RW) uses the occurrence percentage values and
volume percentage and to know which contributes bigger proportion in the
conformation of the same one an angle of these parameters it is calculated.
The Index of Relative IRI uses the volumetric content, the numeric content
and the frequency of occurrence of prey item.
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“It is an almost universal rule that each animal either has enemies which seek to
feed upon it, or that it seeks itself to feed upon other animals. In the first case, it
has to escape its enemies or it cannot long continue live. This it does either by its
swiftness of flight, by its watchfulness, or by hiding itself from view”

[4. R. Wallace 1879]

6.1 Abstract

Predation in animal communities is the consumption of tissues belonging
to another organism. The content of the term predation varies among
trophic levels, mode of action and species, and thus several additional
terms have been used such as parasitism, herbivory, cannibalism, and
larceny. This treatise deals with predation sensu stricto and cannibalism. It
was found that in the majority of biotic communities predation by
arthropods constitutes the most frequent significant effect as far as
competition is concerned, especially in the absence of vertebrate predators.
The important predator-prey interaction is addressed via the modelling of
the community, a common approach to prediction making on population
densities of predator and prey species.

Many models have been developed apart from the classical ones of
Holling and Lotka-Voltera. LES, Rosenzweig-MacArthur and Luck are
newly developed models that predict two paradoxes, namely the “paradox
of enrichment” and the “biological control paradox”. Models that take into
accounts the spatial component such as the reaction-diffusion models
allow the investigation of many aspects of the behaviour of the predator-
prey system within biotic communities. In terms of the relative importance
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of predation and competition sensu stricto in shaping insect communities
the debate is far from settled. Typically, predation is the energy passed
from prey to predator while competition is the modification of the
trajectory of energy transfer. In this respect, competition cannot be traced
in the fossil record unlike predation, which leaves some detectable traces.
In effect, past competition can only be hypothesized. Although the size of
predators can be closely related to the size of the attacked prey there are
prey species corresponding to two or more predator sizes. These predators
belong to two or more assemblages preying on the same prey species.

Cannibalism was interpreted as a type of predation. In this view,
cannibalism is predation on conspecifics and in this respect it can emerge
when competition is low and predators are scarce. In these cases
cannibalism is the only mechanism that controls the population densities of
organisms.

Nevertheless, many authors believe that cannibalism lacks any adaptive
significance. The usage of the term ‘natural enemy’ allowed the inclusion
of competitors and predators in a single expression, in the sense that
competitors are enemies. In this sense, a prey newcomer cannot invade any
biotic community unless it has a difference in its anti-predatory traits from
already existing prey species. An advanced form of this interaction is the
hypothesis of ‘differential diversification’ of sister clades that determines
the outcome of biotic interaction in evolutionary and ecological time
scales.

Biodiversity is promoted and maintained by “keystone predators”.
These predators act on numerous or common organisms preventing the
dominance of one or a few species. It seems that the higher the rank of the
trophic level the greater the difficulty to receive energy from the
ecosystem. Thus, increased biodiversity levels are exploited in many ways
to attain a firm grasp of energy input in the biological community.
Possibly, this is the main cause of the extreme diversity of insect orders.
On the other hand, the biodiversity is spatially distributed according to
various ecosystem components.

Chemical communication, though a primitive way of communication, is
heavily employed both in the detection of prey and in the avoidance of
predation. The emission of chemical messages and the ability to sense
them is so important as to reflect the evolution of the emitter. There is no
work on the evolutionary message conferred to the receiver but the
alterations needed to emit the chemical message are more sophisticated
than the alterations necessary to sense the new blend. The use of chemical
messages is tightly connected to the behavioural ecology of insects.
Usually, chemistry and morphology are both engaged in the predatory
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interactions of insects. A number of hypotheses have been proposed to
explain these interactions.

Keywords: Predation, cannibalism, insects, biotic interaction, chemical
detection, predator avoidance, optimal forage theory.

6.2 Predation and its types in insects

Predation is conceived as the consumption of individuals or tissues of them
belonging to species of the same or, more usually, lower trophic levels. If
the prey species belongs to autotrophs the predation is specifically called
“herbivory”. In the case of predation that involves individuals from the
same species it is called cannibalism. The terms ‘predator-prey’ usually
refer to the classical case where the prey species belongs to a lower trophic
level. Polis et al. (1989) have suggested a set of terms for the description
of the interaction of two species.

Sometimes the term ‘predation’ is used to describe consumption of
special organs of other organisms such as seeds. In such cases it is usually
referred as ‘seed predation’ (Janzen 1971). In the case where the tissues of
the prey are renewable without any effect to the reproductive output for the
prey organism it can be variably named-as ‘collection’ or ‘larceny’ (Inouye
1980). Predators that live at the expense of the tissues of other organisms
are called ‘parasites’ and if their emergence from the host assumes its
death they are called ‘parasitoids’. Traditionally predators are considered
to attack many prey individuals while parasites are exploiting in large
numbers only one prey individual. Intermediate to these two extremes are
parasitoids, which typically attack one individual. Nevertheless, exceptions
to this can be found in several parasitoid-prey systems, such as the Pieris
brassicae — Pteromalus puparum system. This system exhibits a rather
complicated behaviour since pupae are attacked by several individuals
while neonate larvae are attacked by only one individual, that is, they
receive only one egg (van Alphen and Jervis 1996). Parasitoids are divided
further to ‘idiobionts’ and ‘koinobionts’ depending on whether they permit
the development of the host from the stage attacked or not. In this way
Petromalus puparum (Hymenoptera, Pteromalidae) which attacks larval
stages of Pieris brassicae (Lepidoptera, Pieridae) is an idiobiont while
Cotesia glomerata (=Apanteles glomeratus) (Hymenoptera, Braconidac)
which usually attacks newly hatched larvae of the same butterfly allowing
them to feed and develop together with the parasitoid inside them are
koinobionts (van Alphen and Jervis 1996). Since in parasitoids predation
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always assumes a certain type of reproductive behaviour, this type of
predation will not be studied in this work. Interested readers should consult
the chapters in the excellent review edited by Jervis and Kidd (1996).

When treating predation in insect communities it is necessary to define
some important terms commonly used in the scientific literature. A ‘patch’
is usually a subset of the space where a population or a segment of it,
usually referred as ‘local population’, lives (Hanski and Gilpin 1991).
Patches usually comprise islands, both true islands and discontinuities of a
large continuous landscape. In this form, the term ‘patch’ is used both by
paleobiologists and neontologists (Jackson et al. 1996). In the same style,
the term ‘metapopulation’ is the set of local populations of many
potentially or actually interacting populations that move among the
different patches. ‘Metacommunity’ is used to describe more than one
species inhabiting one or more patches. In this sense the metacommunity
comprises a subset of the species pool of an area (Hanski and Gilpin 1991;
Jackson et al. 1996).

In a recent review of field experiments concerning predation,
competition and prey communities, Sih et al. (1985) found that in
experiments with large significant effects, predation by arthropods in
general constitutes a large proportion (98.0%) of specific interactions
when the respective percentage for vertebrate predators is smaller (91.3%).
Moreover, experiments carried out in terrestrial systems gave much less
significant effects (55.8%) than experiments in lentic systems (70.5%). In
general, the role of predation was more emphasized in marine and lentic
systems than in terrestrial habitats including flowing waters (lotic). The
reason usually invoked for this discrepancy is the structural simplicity of
lentic and marine systems. Menge and Sutherland (1976) predicted that
predation should be more important at lower trophic levels in the sense
that experimental manipulations should be more intense (= large effects) in
primary than in secondary predators.

6.3 Prey-predator interaction seen through models

One of the most important methods to study the population dynamics of
predators and their prey is through modelling. Unless the experimental
design involves closed system units and a plenty of time and resources
(e.g. for competition among aquatic organisms see Morin et al. 1988; for
theoretical treatment of animal colonization see Cantrell et al. 1996),
modelling permits the experimentation at time and parameter scales not
available in real situations. The argument that models are idealized
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mathematical constructions with simplifying assumptions for our
intelligence to “... cope with the blooming, buzzing confusion of the
natural world...” (Odenbaugh 2005) can be criticised from the viewpoint
that a model is constructed to study (not mimic) the behaviour of natural
systems. In many cases, models are the only means to study natural
systems while MacArthur’s quote ‘a model is a lie that helps us see the
truth’ (Dr Alan J.A. Stewart pers. comm.) rephrases the way that learning
proceeds in humans. Odenbaugh (2005) has investigated the ability of
ecological models to be inaccurate and simultaneously successful in
ecological themes quite complex such as populations, communities and
ecosystems. Dostalkova et al. (2002) proceeded further and considered
three points that have to be taken into account in all models. Moreover,
they constructed their own model incorporating all three considerations.
The considerations are: (i) Juveniles must be treated as entirely different
species from adults since they do not move between patches (except the
first instar crawlers of coccids and many Carabidaec and Staphylinidae
(Coleoptera) predatory species) and they do not reproduce. (ii) Food
availability is more restrictive to juveniles than adults since the former are
not very mobile. (iii) Cannibalism of eggs and larvae is very common
among insect and arachnid predators and therefore the quality of a patch is
more decisive for the reproductive output of adults (Wise 2006).

An extended account of modelling schools of thought, concerning
insects either as predators or prey, is given in the multi-authored book
edited by Jervis and Kidd (1996). Another account concerning general
concepts of ecological models is given in the book of Maynard Smith
(1984).

Lately, there is a growing body of biological evidence that when
predators have to search for their food, the efficiency of searching is based
on the ratio of prey items to predator individuals (Arditi et al. 1991a and b;
Kuang and Beretta 1998). Functional response models are the models
predicting the response, in the form of a function, of the predator to the
prey density (Xiao and Ruan 2001). In particular, the response of the
density of predator populations per unit time and change per unit prey
density is usually referred as functional response, and the most useful
functions describing it are those of Holling II or Michaelis-Menten (Jost et
al. 1999) with equations redefined at the origin as:
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where x(t) and y(t) are the densities of prey and predator populations at
time ¢, and a, respectively, and b, ¢, d, m, f are positive constants; in
particular d is the death rate of the predator, a/b is the ratio corresponding
to the carrying capacity of the environment for the prey, a is the prey
intrinsic growth rate, ¢ is capturing rate for the predator, m is the half
saturation constant and f'is the conversion rate. The model in system (3-1)
has two equilibrium points, one at (0,0) and one on the x-axis (K,0)
(Kuang and Beretta 1998). The equilibrium properties of the system (1)
were comprehensively studied by Xiao and Ruan (2001) for various types
of the parameters a, b, ¢, d, m, f. Interestingly, the ratio a/b, which is the
carrying capacity of the environment for the prey, is also either a saddle or
a global attractor as marked on the diagrams of Fig. 1.
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Fig. 1. Diagrams showing the topological structure of the system (3-1) at the point
(a/b, 0) represented by a rhomboid. When (i) /> d the equilibrium is said to be
saddle (ii) if f = d the point is called saddle point and (iii) if f < d the point is
referred as stable node

Attempts have been made to functionally relate many classical
biological models, such as the dynamic Lotka-Volterra, to LES (= Life
Energy System) models. In fact, the equivalence of both models was
examined by Huang and Zu (2001). These authors found that the models
always lead to similar predictions but the interpretation of the Lotka-
Volterra models is more complicated and not straightforward. In contrast,
LES models always have parameters amenable to biological interpretation.

The real progress in ecological modelling has been made when two
points were recognized as ‘paradoxes’. Kuang and Beretta (1998) believe
that this is [...4 milestone progress...]. The first is coming from the
Rosenzweig-MacArthur model (Maynard Smith 1974) and is called the
‘paradox of enrichment’. According to this, the enrichment with predators
of a predator-prey system results in higher equilibrium densities for the
predator but not in smaller prey densities and this destabilizes the
community equilibrium. This is a general predator-prey model with
equations quite similar to the equations of (6-1 to 6-3):
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where x and y are time functions of prey and predator density respectively,
and a, K, ¢, m, f, d are all positive constants that stand for the intrinsic
growth rate of prey, the carrying capacity of the ecosystem for the prey,
the capturing rate of the predator, the half capturing saturation constant,
the conversion rate and finally the death rate of the predator, respectively.
The other paradox is called the “biological control paradox’ and was
introduced by Luck (1990). According to this model, the existence of two
equilibrium points, one low and one corresponding to stable prey density,
is impossible. Many ecologists consider this as a problem (Arditi et al.
1991a and b; Arditi and Saiah 1992; Gutierrez 1992) contributing to the
discrepancy of the model predictions with field observations.

The most important models that have a spatial component and consider
the movement of an organism or its tactic behaviour, are the reaction-
diffusion models (Murray, 2001; Fagan et al., 2002) They were initially
used for species invasion, after the finding of Kareiva (1983, in Murray
2001) who convincingly stated that the dispersion of an animal can be
adequately described with a reaction-diffusion model and have a constant
diffusion coefficient, which he obtained experimentally from various
insect species. The relevance to predation of this type of modelling is that
it incorporates the chemotactic behaviour of the studied insects, which is
the common way for insect predators to find prey (Muray 2001: page 405).
Mathematically, the chemotactic motion is one step more elaborated than
the simple diffusive motion since the motion is done upwards or, more
rarely as in the case of repellent compounds, downwards a concentration
gradient. However, we know that, in nature, in some very simple cases of
chemical orientation —e.g. in Lepidoptera - the chemotactic motion is
carried out in a zigzag trajectory, in order for the moving organism to
sample all the discrete puffs of the emitted plume (Elkinton and Carde
1994). One simple version of the model is given in the system of two non
linear equations (6-6, 6-7).
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where n is the number of moving insects, a is the food to which the
oriented insect moves, 4 and k are positive constants while 4-n is the
spontaneous production of the attractant, i.e. a chemical blend. The
expression —k-a represents the activity of the attractant, if the attractant is
not produced by the moving insects, such as aggregation pheromones used
by bark beetles to recruit the bulk of the population on the bole of a
susceptible tree.

Murray (2001) states that, in general, diffusion is a stabilising force
whereas attractive chemotaxis -i.e. upward movement- is a destabilising
force. The chemo-attractivity of the medium has been commonly
expressed as an index [/ =D,yD; where D, and D; are the diffusion
coefficients of the medium and the insect, among many other indices. The
researchers of reaction-diffusion-chemotaxis models are usually cell
biologists, protozoologists or of a similar discipline, mainly interested in
the movement properties of the modelled organisms.

6.4 Predation in relation to competition, parasitism,
cannibalism and size

6.4.1 Competition

In terms of energy flow, predation is the transport of the energy existing in
one organism, commonly called prey, to another, called predator.
However, in the same terms, competition is the impact exerted on the
trajectory of energy transportation, not the energy itself, for the benefit of
one of the competitors. All competing members exert their own impact on
the trajectory in order to exploit the limited available energy. In this sense
predation and competition are two different impact modes on energy
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transfer incorporating all aspects of competition (Keddy 1989). Since these
are among the most important biotic interactions, there is an ongoing
discussion on which is more important in shaping biological communities
(the discussion in Stewart 1996 and Denno et al. 1995 is particularly
revealing). In many circumstances where an assembly rule for a particular
community was investigated, competition was not a convincing
explanation (Strong et al. 1984). Many authors tried to explain the lack of
current examples of competition dominance by invoking selective forces
based on competition that acted in the past; this was named by Connel
(1980) ‘the ghost of competition past’. Lawton (1984) who studied insect
communities on bracken, found that not all British species occurred on
bracken at Skipwith Common, York, UK. Lawton speculated that if the
realized feeding niches of all missing insect species were too similar to
those of the existing insects, then, invasion was impossible; the proportion
of British species excluded from the niche matrix is expected to increase as
the cells of the matrix are populated. However, no such compliance was
evidenced at the woodland and the open site at Skipwith. In the same lines,
Strong (1984) emphasized that natural enemies exert a great influence in
maintaining populations of insects on Heliconia. Strong believes that this
factor keeps populations of insects far below the densities that are
necessary for °...neo-Malthusian forces to operate among species... .
Actually, the theory of Connell (1980) is impossible to falsify. It is
impossible to exorcise the ‘ghost of competition past’ with the current
technology and theories (Strong 1984). Competition leaves no traces in the
fossil record and in effect no falsification can be provided for the
‘competition past’. Only the traces left by predators on fossil prey are
typified forms readily seen, such as drill holes in the shells or eggs, or exit
marks of parasitoids (Jackson et al. 1996).

Some authors, especially those engaged in the research of the
philosophical background of biology, consider predation as a form of
competition (Bonner 1988). Influenced by Darwin, Bonner says that if an
organism is efficient for the intake of enough food, the same is expected
for its productivity. In this respect, predation is much more efficient than
competition since the predator is selected for more efficient exploitation of
prey; prey is selected for the ability to escape from the reach of predators
or for colonising new environments where there are no predators. This
escape to new environments releases many biological issues such as
speciation, biodiversity increase and outbreeding (Bonner 1988). A very
special mode of competition —and predation- is the ‘arms race’ (Dawkins
and Krebs 1979). The meaning of this term is that between two
competitors, or in our case, in a predator-prey pair, the emergence of an
adaptation in one of them causes the emergence of a counter adaptation to
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the other. If this is followed by evolutionary events, such as speciation, the
phylogenetic picture essentially shows two trees with matching terminal
branches (Brooks and McLennan, 1990).

Interestingly, many authors consider competitors as natural enemies and
under this name they are treated as predators, though not in the classical
sense. The distinction between the types of natural enemies that are or are
not predators is quite clear. In a recent review, Vamosi (2005) treats
competitors as enemies on the principle that they exert an adverse effect on
the shared resources. In these lines he quotes the important work of Holt
(1977; Holt and Lawton 1994). Vamosi (2005) also cites the paradigm of
the damselfly Enallagma studied by McPeek in a series of papers. These
damselflies live in several north American lakes. Two types of lakes can
be typified. Fish lakes are full of fish predating damselflies. The other type
is typically referred as dragonfly lakes and in these, damselflies are
predated by dragonflies. In fish lakes the diversity of damselflies is much
higher (N=34 species) than in dragonfly lakes (N=4 species). The apparent
difference between the damselflies of the two lakes is that in the dragonfly
lake the immature stages have an increased caudal lamella, which makes
them efficient swimmers that escape from dragonfly predation. However,
in this way they become more apparent to fish. To escape from fish
predation the respective damselflies use crypsis as strategy. McPeek stated
that apart from the higher damselfly diversity in fish lakes, dragonflies
exert a detectable selection pressure on Enallagma.

6.4.2 Parasitism

Parasitism and predation in animals is widespread, and among the animal
phyla there are nine entirely parasitic and twenty-two (predominantly)
predatory ones (Lafferty and Kuris 2002). Many clades within each
phylum are entirely parasitic or predatory. This implies that whether a
group of organisms will evolve towards parasitism or predation depends
on the actual or future allowed size. For example, the parasitoid status
evolved once in parasitic Hymenoptera and was followed by the widest
radiations in the entire evolutionary history (Godfray 1994; Lafferty and
Kuris 2002). Importantly, hymenopteran parasitoids are all small in size
and in a few cases they evolved trophic strategies intermediate of the two
principal strategies. Indeed, many parasitic wasps and flies need to act as
predators and eat animal flesh before they complete their egg development.
According to Godfray (1994), they have evolved to the parasitoid status
from predators of insects, fungi and scavengers of insects.
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6.4.3 Size and predation

Central to ecology is that many ecological inferences can be drawn from
morphological data, which can be easily seen in museum collections
(Hespenheide 1975). The size of an organism is critical in many ecological
issues and about this many ‘rules’ have been constructed that demand an
underlying mechanism. Bergmann’s rule is perhaps the best example.
According to this rule the higher the latitude the larger the size of
individuals of mammals, birds, reptiles and amphibians. The underlying
reason for this rule is much harder to understand and the temperature
gradients do not seem to suffice (Bonner 1988).

However, invertebrates and especially insects do not seem to
follow this rule. In general, insects evolved many ways to overcome size
constraints. Examples are the many feeding modes such as chewers,
suckers, borers and gall formers, broadly in the same route that has been
followed by primaeval bacteria, which adopted the style of “if you can’t
lick ‘em, join ‘em” becoming thus parasites, mutualists or symbiotes of
other multicellular organisms (Bonner 1988). Stewart (1996) and Strong et
al. (1984) quote a number of features emerging from the feeding mode of
insects. For example, the incidence of competition is much higher in sap-
feeding insects than in chewers and leaf miners and the asymmetric
interactions are lower. Admittedly, there is no plausible explanation for
these patterns.

The size of the members in the predator-prey system determines
the capture success of the predator. Claessen et al. (2002) have found that
if the ratio of the body lengths of prey to predator fall within a specific
range, referred as ‘predation window’, where 9 is the lower limit and € the
upper limit, then the capture is possible. Although the research team
discovered this in piscivorous fish, insect piscivores such as the
hemipteran Belostoma were not taken into account. Aquatic and
semiaquatic Hemiptera are usually outside —though not entirely- the
predation window while they confer some mortality to fishes in lentic
environments. In some instances of predation Belostoma may go outside
the predation window, while Notonecta, Corixa and Sigara can capture
larger prey including fish, amphibian and aquatic reptile hatchlings and
pulmonate mollusks.

In a study of estuarine real food webs with four crustacean predators it
was shown that size relations determine the strength of the various
interactions in the food webs, in predator-prey systems. The strength of
these relations determines the stability characteristic of the respective food
webs (Emmerson and Raffaelli 2004). Although the definition of various
stability patterns is not within the objectives of this chapter something
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must be said here. The account is largely based on the book of Yodzis (1989).
Local stability is the preferred term —by Yodzis- though in the ecological
literature prevails the commonly used term is neighbourhood stability. An
equilibrium point in a density graph where the x-axis is the density axis and
the abscissa is the population growth rate f, can be locally stable or not and it
is defined as those point at which df/dN =0. It is locally stable if small
density departures from equilibrium densities (V,) re-drive the system
towards this equilibrium. This area of “small density departures” is usually
called domain of attraction of the equilibrium. In insects that show a range of
social behaviours it is very common to have a picture of the decline in per
capita birth rate usually called Allee effect. The Allee effect usually
introduces local stability in cases where equilibrium points were unstable
(Yodgis, 1989:12-13).

The Allee effect can be of great importance in many biological phenomena
such as ‘biological invasions’. In particular Petrovskii et al.(2002) have
investigated the patchy invasion in a predatore-prey system. The authors
showed that determinism via predator-prey modeling with Allee effect made
possible such patchy invasions. Until now the researchers invoked
environmental stochasticity tp show that such a possibility exists. The
addition of the Allee effect to the integrodifference equations describing the
invasion of an organism, in particular Drosophila pseudoobscura (Diptera:
Drosophilidae) decreases the [...overall rate of spread...] of an organism and
introduces a critical range that must be surpassed for a successful invasions
(Kot et al., 1996).

According to Hespenheide (1975) there is a close relation of prey size, prey
type and the niche width of the predator. First, it was shown that the sizes of
individual insects —beetles in this case- follow a lognormal frequency
distribution, that is the if the sizes are transformed to logarithms, they
become normalised. Beetles were selected as an appropriate bird stomach
item because they are very common insects, they are digested slowly and for
this they can be identified some time after eating. The arguments and the
points made by Hespenheide can be better seen in Fig. 2.

In this figure it can be seen that identical prey ranges can be produced by
different avian predators such as vireos (slope 0.0275) corresponding to line
a and swallows (slope 0.0060) corresponding to line b.

Simultaneously, the effect of two different lines ensures that many prey size
ranges are consumed by the predators of a local fauna. The different lines in
the prey-predator plane were interpreted by Hespenheide (1975) as the two
components of niche width, namely the “within-phenotype = WPC” and
“between-phenotype =BPC” component. WPC is considered the range of
prey taken by one individual predator (=one phenotype). BWC is the total
range of prey sizes taken by considering all the sizes of predators.
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Fig. 2. The lines a and b correspond to two different relationships between the
sizes of predator and the respective prey. Eventually both lines correspond to two
different prey types taken by different predator assemblages. It can be seen that a
particular range of prey items corresponds to two different ranges of predator
sizes. Bigger predators are given by line b (after Hespenheide, 1973).

Given this puzzle it is unclear what is the evolutionary trend of
ecosystems. Given the general macroevolutionary trend known as Cope’s
Rule (Jablonski, 1996) —i.e. organisms evolve towards larger sizes- we
cannot say what is the trend for prey species or for predators. Even in
cases where the entire assemblage is evolved toward bigger sizes
(Bonner, 1988), as in theropod dinosaurs there is no evidence that the size
relations to prey species have changed so the range of prey taken become
more extended. Size dependent predation was also invoked as a
mechanism behind habitat segregation of darkling beetles (Coleoptera,
Tenebrionidae) in Negev Desert, Israel (Groner and Ayal, 2001). It was
found that birds prefer large tenebrionids and for this large sizes of these
beetles is found in densely vegetated habitats. Laboratory experiments
designed to answer whether this is an affect of reduced efficiency of avian
predation in dense vegetation cover or it is a bird preference per se,
showed that the birds observed in the field and used in the laboratory
experiments (white stork, Ciconia ciconia and stone curlew Burhinus
oedicnemus) showed a clear preference for large sized
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tenebrionids. In addition, the anti-predatory defences of darkling beetles
can be ordered according to their size. Large beetles are refuge-dependent,
medium sized are sheltered in enemy-free spaces of the habitats while
small beetles are predator independent. All these size related escape
strategies are also reflected in the size-distributions of the tenebrionid
beetles.

6.4.4 Cannibalism

For many authors, cannibalism is the mechanism acting before any
shortage of resources can be detrimental to the population. However, for
cannibalism to act, the size of the predator can be sufficiently larger than
the intraspecific prey (Fox 1975). In the anthocorid Xylocoris flavipes,
cannibalism is exerted by adults and large nymphs on smaller nymphs but
not on eggs. The opposite situation was never observed and the eggs were
never eaten. Possibly this behaviour is adaptive in the sense that the more
durable life stage is left to exploit resources that are not available at the
moment of cannibalism but are expected to emerge (Arbogast 1979; Polis
1981). In the reduviid true bug Pisilus tipuliformis many chemical stimuli
were found to elicit predatory behaviour while cannibalism was observed
in mating and parental behavioural sequences most of them interpreted as
competition relaxing processes (Parker 1965). In particular, the effect of
cannibalism at mating has received adaptive interpretations such as the
reduction of future mating and the increase in female fecundity (Polis
1981; Johns and Maxwell 1997). Nevertheless, Arnqvist and Henriksson
(1997) found no plausible adaptive explanation of the cannibalistic
behaviour of fishing spiders and the authors consider it as a by-product of
the selection on correlated traits such as predation, territoriality and
aggression.

A reply to the lack of adaptation in cannibalism came from Kreiter and
Wise (2001) who worked on the same group of spiders with the species
Dolomedes triton. They found that the fecundity of the females is food
limited and the increased mobility of females is towards the finding of
natural prey. The cannibalism exhibited by the females of this species is an
adaptation to counterbalance the shortage of food in order to keep egg
production at the normal levels. Similarly Eggert and Sakaluk (1994)
showed that in sagebrush crickets Cyphoderris strepitans (Orthoptera,
Halgidae) the females eat the fleshy hind wings and the haemolymph
oozing from the wounds they inflict. Whilst males with no hind wings are
not dying, they obtained significantly fewer matings. The hind wings help
males in transferring spermatophores to the mounted females.
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Fig. 3. Relative proportions of cannibalism [c] and predation [p] on competitors of a
species. A: The aggressive species is more common than its competitors, B: the species
and its competitors are equally abundant and C: the species is rare with respect to its
competitors (after Fox 1975)

In wolf spiders, the species Schizocosa oreata shows size-based
cannibalism on males - i.e. large females eat smaller males - and especially
on those males with poor condition of the tufts of bristles on the first pair
of front legs. Evidently, males with symmetric tufts are considered as
appropriate partners for mating (Persons and Uetz 2005). This behaviour is
adaptive since it promotes mate choice for larger mate size and many
secondary sexual characters. If food limitation 1is predictable
then cannibalism may be particularly advantageous according to Fox (1975
but see Wise (2006) for spider population regulation). For this, the
predatory mite Typhlodromus occidentalis, which lives in Mediterranean
climates with harsh and dry summers, is more cannibalistic than other
populations of the same species living in the Pacific northwest. Fox (1975)
presented in a figure the basic predictions he made about the advantages of
cannibalism. In Fig. 3 these predictions can be better visualised and the
particular shape of the abundance curves may vary. A salient feature of the
predictions of arguments depicted in Fig. 3 is that the frequencies at which
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the rates of cannibalism and predation are equal vary with the relative
abundance of the aggressive species. For instance, in panel A it can be
seen that when the competitors are in low density then cannibalism may be
high, while it decreases with increasing densities of competing species.

6.5 The control of prey population by predators

According to the majority of entomologists, insect communities are
principally structured by predation forces exerted by natural enemies on
prey populations. The predator-prey interaction is among the most
powerful force that is capable of driving natural selection (Endler 1991;
Brandt and Mahsberg 2002). A predator can control the population of a
prey species if it can perform without problems the following behavioural
sequence: (1) detection of the prey; (2) identification; (3) approach to a
single or a number of prey individuals; (4) subjugation; (5) consumption
and (6) normal post-ingestive physiology. All these steps have to be
reflected to the important life history parameters of the prey species such
as birth and death (=mortality) rate. From the point of view of a population
ecologist three questions must be answered (Dempster 1983): (i) what is
the ‘key factor’ that causes the density fluctuations of a population (for
explanations concerning the application of this method the work of
Southwood and Henderson (2000) must be consulted), (ii) what is the
governing factor of these fluctuations and (iii) what governs the abundance
of these organisms — i.e. the mean level — and causes some species to be
common and other species to be rare. Among entomologists, lepidopterists
consider that (i) regulation and (ii) limitation are the two main hypotheses
that pertain to the natural control of prey populations (Dempster 1983).
Lepidoptera are homogenous with regard to habits and living modes. The
form of the logistic equation suggested by Verhulst (Dempster 1983) is the
model that can support the discussion of population control. The
differential equation for the population growth rate is

d N(t
E[N(t) =N()r-| 1 - _I(()\ (6.8)

)

where N(1) is the population density of the prey at time ¢ which is given in
days or weeks, K is the ‘carrying capacity’ and r is the intrinsic rate of
increase of the population,. The model was examined by many workers
(see for example in Jervis and Kidd 1996) and has a useful property. As
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N(t) approaches K, the population differential growth declines to zero. This
property of the Verhulst equation introduces its ability to show density
dependent effects. Weather variations are a blurring factor in many
population processes and are very difficult to be detected. For instance, it
was found that Ladoga camilla is controlled by birds. Birds predate on the
advanced larval instars and pupae of the white admiral butterfly and the
rate of predation depends on summer temperatures. It remains unclear if
weather per se controls the population or if it is correlated with the actual
factors that exert control (Dempster 1983). The same dilemma is found
when the fecundity of insects is measured through the size of females or
directly from counting the complement of eggs in gravid females.
Dempster states that weather variations s may influence the oviposition
behaviour of prey females either directly, by restricting the time with
conditions suitable for oviposition, or indirectly, by restricting food
resources and through this the egg complement of gravid females.

Indeed, among the 24 works on Lepidoptera populations cited by
Dempster (1983), eight studies could not demonstrate the existence of
density-dependent regulation mechanisms such as starvation, virus-
induced dispersal, delayed fecundity, cannibalism or disease, even though
they lasted for more than ten generations. In three out of the 24 studies
listed in Dempster (1983) population regulation came from natural
enemies such as egg parasitoids, viruses and polyphagous parasitoids.

In other insect groups the situation is quite different. Especially in
insects that occupy aquatic habitats, such as Odonata (=dragonflies and
damselflies), predation is commoner as a regulating factor (Johnson,
1991). In addition, they may exert predation and regulate the populations
of other insects such as mosquitoes, a feature exploited by mosquito
control programs (see this volume). Since Odonate predators are capable
of conferring mortality to mosquito populations, they are capable of
controlling mosquitoes. When the enrichment of a habitat with odonates is
wanted, the intra-guild and the intraspecific predation must be taken into
account. The predation of Enallagma by dragonflies has also been noted
above. Johnson (1991) states that in semivoltine species, that is species;
which complete a life cycle in more than one year, the coexistence of
many instars is quite common. Thus, intra-guild cannibalism is promoted,
especially the type based on differences in size. For the same reasons
intraspecific cannibalism is also common where different instars of the
same species coexists. In many studies it is observed that intraspecific
predation is the result of an attempt of the occupant to defend a perching
site, a refuge from predators or a food supply. Such a behaviour is called
winning since it is the occupant that usually wins.
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It has been observed that in fishless water bodies, odonates can attain
large densities and as a result the available resources are severely depleted.
A mechanism that reduces the competition in such environments is intra-
guild predation (Johnson 1991). Caution must be taken when the scarcity
of odonates in fishless ponds is justified on the basis of intra-guild or
intraspecific predation. At Schinias, Attica, Greece, the population and
biodiversity of odonates was abruptly reduced in 2004 (personal
observation). We attribute this to the more intense spraying program
against mosquitoes, together with spraying in the coastal pinewood against
the pine scale Marchalina hellenica (Hemiptera, Margarodidae) closely to
the rowing Olympic centre on the occasion of the 2004 Olympic games.

In nature, the existence of many predators regulating one or more prey
species seems to be the rule. In insects this fact is further supported by
speciation, which is much more intense in insects occupying trophic levels
corresponding to primary and secondary predators. Southwood (1985) in
concert with this emphasizes that phytophagous insects comprise less than
a quarter of all insect species while the rest is comprised by insectivorous
species and other feeding types. The amount of nitrogen needed by insects
is high (>18%; Southwood 1985). It is mandatory for an insect predator to
have several prey species as food sources to secure that there always be
available food. Of course many insects have followed other life modes
manipulating the duration and timing in life history events. For insects that
have many predators the impact of each predator has to be evaluated and a
simple measure of it is the change in prey density per capita of the
predator under study (Sih et al. 1998). In this sense, the impact of a single
predator on a certain prey species cannot be easily isolated from the impact
of others and probably this does not deserve the required substantial
efforts. The existing data for food webs indicate that only in eight out of
ninety-two examples of food webs was there a correspondence of one
predator to one prey. In the rest, each prey species was predated by two to
three predatory taxa (Schoener 1989; Sih et al. 1998). Sih et al. (1998)
suggested that the classical approach for the detection of multiple predator
effects (=MPE) is inefficient. Researchers adopted the construction of a
2x2 factorial experimental design for two predators with four treatments:
(i) no predators, (ii) predator A only, (iii) predator B only, (iv) predators A
and B. These authors refute the additive model on the basis that it allows
prey to be killed twice. Instead they adopted the multiplicative risk model
suggested by Soluk and Collins (1988). Sih et al. (1998) have found many
studies that showed genuine MPE’s and among them there was a
substantial amount showing predatory risk enhancement. As an example
they quote water striders that skate to the banks of the pond in order to
avoid predation by sunfish. However, on the bank they are predated by
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spiders and this proves that the spatial refuge from predation is not
effective. Actually Sih et al. quote this as a counter example saying that no
enhancement was produced, since the water striders exhibit other
generalised responses to multiple predators. They reduced the particularly
risky mating activity among others. If the reduction of matings is reflected
to the reduction of inseminations of females and the production of fertile
eggs then it is an emerging MPE. In evolutionary time, which certainly is
not checked, the reduction of matings would have the adverse effect of an
insufficient reshuffling of genetic material and the ceasing of sexual
selection with unpredictable effects to the survival of the species.

Sih et al. (1998) consider these conflicting prey defences as the main
cause of risk enhancement. The most important feature of multiple
predators is the reduction of the final mortality effect by interactions of
predators. They quote several examples from the field of biological control
examining the effect that the addition of a predator may have on the prey
species, which is usually a pest. If the added predator affects a life stage —
i.e. an instar — not yet affected by existing predators (or parasitoids) then
the reduction of the prey is rapid and drastic.

The effect of multiple predators is not easily estimated in natural
populations and only recently it has started to gain new insights. A future
direction of this research is the study of the behavioural ecology of prey
species, in particular, the behavioural sequences that are responses to
single and multiple predators. The effect of these predators and the
antipredatory responses of the prey in reducing the predation risk are of
particular value.

6.6 The relation of predation to biodiversity

The initial increase of biodiversity with predation can be understood in the
special case where the predation is exerted on autotrophs, usually called
herbivory. The special type of herbivory called grazing causes interesting
effects in the plant cover. It acts more intensely on the temporally
dominating plants. In this way the domination of the site by this species or
a few additional ones is prevented (Miles 1980). The widely held opinion
that low grazing increases plant diversity is also responsible for the
changes in the process of succession. On a spatial micro-scale many
successional and seral stages coexist creating a habitat where there are no
dominant plant(s) (Inouye 1980). The same in general qualitative terms
exists when the prey species belongs to more advanced trophic levels.
Although most evidence for the increase of biodiversity with predation
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comes from intertidal communities (Giller 1984) there are many cases
where the predator is an insect that changes the competition status, thus
preventing the dominance of a few species and exclusion of the rest. In
this way, high biodiversity is created or maintained by a special type of
predators usually called ‘keystone predators’ (Pianka 1978).

It is important also to note that predation can also reduce biodiversity.
For instance, competition among various species in a community may be
alleviated due to predation. As a result, the affected species make more
extensive use of the resources e.g. through more intense reproduction.
This creates the dominance of these species, which in effect reduces
biodiversity. For instance, Allan (1982) found that in some freshwater
habitats, such as streams, the removal of the most important predator (the
trout Salmo trutta) left intact the rest of the subordinate species. This was
explained on the basis that the competitive bonds among the species in
the lower level(s) were not particularly strong and for this the predation
by trout was not an organizing force of the stream community.

The arguments about the impact of predation on biodiversity are
diverse. For instance, many authors believe that in the xylobiont
(=xylophagous) fauna it is important to separate the effects of, at least
two, scales. The small scale, which requires a substantial amount of dead
wood, and a large scale, which requires the occurrence of diverse habitats,
among them forests, in order to add to the structural complexity of the
landscape (= the ecosystems of a site). This ensures that the biodiversity
of at least three families of insects will be maintained. The families,
Cerambycidae, Buprestidae and Lucanidae contain xylophagous,
especially saproxylic insects with particularly strong competitive relations
since the available wood resources are scarce (Moretti and Barbalat
2004). Some Scarabacidae beetles also exhibit this type of behaviour.
Some species of this group have gone extinct from many places in Greece
in parallel with the disappearance of mature and unmanaged forests. An
example is the trichiin Osmoderma eremita, which presumably due to its
strong repellent odour, has no important predators. Today, this species is
one of the rarest beetles in Greece (Ranius et al. 2005). This insect was
recently rediscovered in a set of stands of mature trees, remnants of old
forests, in Greece.

The impact of predation on the diversity of ecological communities
was also examined by modellers. Dennis and Patil (1979) pointed out that
predation is a major species interaction together with competition and
symbiosis. This covariance between the two noises may be taken to
represent the interaction of the two species. A visualization of the species
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interaction, according to Dennis and Patil (1979), is achieved when the
abundance vector of the community is close to the hyper-line
n;=n,=...=ng, where n; are the population densities of the constituting
species. A departure of the points from the hyper-line means a high
likelihood of having low diversity. In this way the authors found a direct
way to relate the interaction of two species with biodiversity. Apart from
the mathematical simplicity of the above derivation, the relationship is not
easily estimated in real ecosystems as the two following case studies show.

In a deciduous forest in Prespa national park, north-western Greece,
(Petrakis 1989) it was found that there is a general spatial correlation of
diversities among components at three trophic levels (plants, passerine
birds and insects). In this work, two sets of variables were defined for the
description of biotopes. They were responsible for the horizontal
(horizontality) and vertical heterogeneity (verticality) of the biotope. Birds
are easily recognized as four different groups while insects were
distributed in accordance to the differences of biotopes. Bird and insect
species of Mediterranean origin were in general widely distributed in
comparison to central -European ones. In accordance to biotope structure,
in a vertical and horizontal sense, bird and insect diversities are distributed
in accordance to habitat heterogeneity. Birds were more faithful to that
pattern since they do not rely solely on plants but they predate also on
insects.

In an east Mediterranean ecosystem dominated by phrygana and maquis
it was found that the importance values of plants were correlated with
phytophagous hemipteran insects (Petrakis 1991). Hemipteran predator
densities were also highly correlated with many aspects of plant diversity
probably because they are correlated with their prey. The number of
hemipteran insects was high, probably due to the existence of predators
that keep populations of some insects at moderate levels preventing the
dominance of a single species. Phenological investigations showed that at
the onset of some phases one or two species became temporarily
numerous. However, the natural enemies of these species are acting so as
to reconstitute the community’s equitability. The various phenological
phases of insects in ecological time and their circadian differences sustain
a diverse number of predatory species, mainly insects and arachnids.
While there were only a few attempts to model the population densities of
various insects, it is evident that diversity at one level — e.g. the plants - is
reflected at the next trophic level —i.e. phytophagous insects. In particular,
the work of Spencer (2000) on invertebrate communities has shown that
predators are scarce below the level at which the conservatism of energy
among trophic levels (< 0.10) predicts (Whittaker 1975). More precisely,
Spencer modelled several communities and showed that the proportion of
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species is higher than that of individuals if the size of predators is equal
or larger than the size of their prey. On the same grounds after
experiments wit microcosms invaded by macroinvertebrates, mainly
insects, Ahlering and Carrel (2001) showed that indeed the proportion of
individuals is lower than that of species but this happened without regard
to the size of predators (Fig. 4). They supported their findings by stating
that predators are always specialising to certain prey types and this causes
the lowering of the proportion of individuals of predators.
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Fig. 4. Diagram showing the proportion of predatory species vs predatory individuals
in a set of 22 experimental detrital microcosms. The diagonal line (y=x) shows equal
proportions of species and individuals (Ahlering and Carrel, 2001)

Actually predation is not very different from other methods of obtaining
energy from the environment. In the primaeval soup the photosynthesis —
the capture of sunlight and carbon dioxide as raw material for sugars- is
not essentially different from the engulfing directly particulate and
dissolved food. For economy reasons, all organisms that retained one
machinery lost the other. The insects actually adopted the second
machinery and became predators, either phytophagous at the second
trophic level or zoophagous at the third or higher trophic level. Once the
predatory status of organisms was established there were a lot of new
selective forces that acted towards the increase of diversity of local
assemblages. Bonner (1988) stated the same argument for eukaryotes
prior to multicellularity.
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6.7 The chemical ecology of the prey-predator systems

Chemicals in prey-predator systems serve both as prey defence compounds
or as prey detection cues. Reviewers of these systems retain this view from
an important point. They consider food webs as information flows in
addition to the energy flow, which is the traditional view (Dicke and
Grostal 2001). Arthropods and particularly insects are especially suited to
convey such chemical information for several reasons: (1) arthropods are
important components of food webs, (2) among living organisms they
comprise the largest group in terms of individual numbers and species
diversity, (3) they are the best models for biological studies (small size,
short life span, ease of maintaining them in captivity), (4) they heavily rely
on chemical information for the detection of prey or avoiding predators, (5)
they are particularly well equipped to detect and send chemical messages,
and finally (6) since they are important for agriculture and public health
there is always strong interest from authorities for their study and
incorporation into practical programs. One widely accepted terminology
that has been proposed, according to the above consideration by Dicke and
Sabelis (1988), is given in Table 7-1.

It is interesting that, as a rule, insects are affected by primitive means of
information exchange such as chemical communication. However, they
have incorporated all other advanced ways of sensing the environment,
such as vision and acoustics. As many authors have pointed out, all
predators and parasitoids use, for detection, any chemical product from the
prey available, such as feces, pheromones or exuviae (Vet and Dicke 1992;
Godfray 1994; van Alphen and Jervis 1996; Carrasco 2005; Weiss 2006).
The wuse of the chemical signal from the prey as infochemical
(semiochemical) is also widespread in such a degree it caused the evolution
of adaptations in both prey and predators (e.g. for fruit flies [Diptera,
Tephritidae] see Greany et al. 1977; Carasco et al. 2005; Miller et al.
2005). These authors proved that the fruit fly Anastrefa ludens uses a
complex set of compounds to detect the suitability of mango fruits for
oviposition. The differentiation of chemicals caused by oviposition events
of other flies allowed the decrease of competition for oviposition substrate.
The predators Enoclerus lecontei and Thanassimus undulatus (Coleoptera,
Cleridae) of the bark beetles Ips pini and Orthotomicus latidens
(Coleoptera, Scolytidae) use the same components of the pheromone blend
emitted by the bark beetles in the same dose-dependent way. That is, the
response of the bark beetles is dose-dependent and so is the response of the
predators. Moreover, the predators differentiated with respect to the dose-



The role of predation in shaping biological communities 111

response attraction in the presence of B-phellandrene, which leaves
unaltered the behaviour of the first but affects the latter. Bark beetles are
able to manipulate the relative concentrations of the enantiomeres of the
compounds in the pheromone blend and in this way they always exert
selection pressures causing changes in the genetic system of their predators
over short time (Raffa 2001). The main advantage for this manipulation is
based on the ability of bark beetles to maintain a response window wider
than the production window (see for an example Schlyter et al. 2001). On
the same grounds, bark beetles manipulate the chemical signals used as
kairomones by predators in an attempt to escape from predation. The result
of this manipulation is ambiguous since the escape results in a decrease of
competition of already existing predators and parasitoids (Pettersson
2001). Raffa and Dahlsten (1995) investigating the responses of predators
to subtly altered pheromone blends emitted from Ips pini (Coleoptera,
Scolytidae) found that, locally, the predators and bark beetles evolved
adaptations and counter-adaptations to increase or decrease the detection
rate respectively. The predators are strongly attracted to prey volatiles
from non-adapted bark beetles. Volatiles that emanate from adapted bark
beetles are not properly sensed by predators. In this way the predation
exerted on bark beetles is reduced. However, the extent to which this is the
result of adaptation and not a consequence of a random alteration of the
volatile profile is not clear. Possibly this cannot be safely proved on the
basis of available data.

Prey species usually try to escape predation or at last to relax the risk of
predation by a variety of strategies, the most common being (i) time shifts
in various life history stages, (ii) spatial escape by using habitats not
normally visited by predators, (iii) cryptic behaviour of the prey species so
that it is not apparent to potential predators, and (iv) masking, that is the
decoration of body with foreign materials. However, because many
predators use chemical compounds emitted from the host as cues for prey
detection — i.e. kairomones — prey species evolved a class of chemically
diverse compounds that are used for defence. In many cases the evolution
of blends used for defence and kairomone-based detection is gradual, in an
‘arms race’ way. This is the case of a special class of kairomones emitted
by plants and sensed by phytophagous insects, which are produced by the
plant as a means to repel predators and are then used by ants to sense the
precious tissue or storage medium of the plant (Caroll and Janzen 1973;
Brooks and McLennan 1991). Some ants have proceeded further and use
chemical compounds to estimate the health status of a plant. In ants that
attend Homoptera this is vital. Ants detect the health of the plant and in
case of plant sap exhaustion they move the honeydew producing
Homoptera to more healthy parts of the plant or on other plants (Way
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1963; Holldobler and Wilson 1990). Chemical compounds of the plant
that cannot be sensed by, the often sessile, homopterans, indicate the
vigour of a plant. Instead, they are sensed by their attending ants that
regulate the intake of plant sap. If it is not economically feasible to
change the feeding position of the attended scale, the ants may decide to
consume the homopteran scales. Caroll and Janzen (1973) quote
examples from trees that produce nectar bodies directly harvestable from
the ants. We have observed ants of the species Crematogaster scutellaris
that attended the pine scale Marchalina hellenica to built occasionally
squared covers to keep a stock of the feeding scale, which they guarded,
to protect it from other, presumably arthropod, predators and harsh
weather. The tritrophic system of plants — Homoptera — ants is an
excellent example of this type of chemical relations.

Some groups of insects that have abandoned visual predation are
heavily using infochemicals to detect prey. It is known that many
herbivores are able to detect the altered volatile profile of a plant and
also detect previous exploitation of the tissues by a herbivore (e.g.
Dickens 1999; Broeckling and Salom 2003). Many insects, especially
cryptic ones like miners and borers, are predated by parasitoids that rely
on chemical signals emitted either by the prey or by the combination of
prey and prey-damage on the tissue. In a study on the predators of
scolytids and the way they are relaxed by prey, Aukema and Raffa
(2004) investigated the role of the two major predators of Ips pini,
namely Thanassimus dubius (Coleoptera, Cleridae) and Platysoma
cylindrica (Coleoptera, Histeridae). It was found that the location of prey
within the pine host by the beetle predators is greatly facilitated by the
pheromone emitted by /I pini. Importantly, 7. dubius senses the
pheromone of the prey better than the scolytid itself (Raffa and Klepzig
1989). In particular, the predator is attracted to the prey odours four
times more intensively than the image of the prey. Since in the bark
beetle aggregation dilutes the predation risk, the insect uses aggregation
pheromones to attract as many male and female insects as possible in the
host tree. The authors state that predator-swamping was increased by the
additive effects of the two predators but it is unlikely that swamping is
behind the origin of aggregation behaviour in bark beetles as a predator
avoidance strategy. The evidence gathered by the workers on bark
beetles suggests that /. pini shifts the concentrations of chemical
compounds of the pheromone blend in order to escape detection by the
predators and simultaneously keeps the intraspecific communication by
using the compound lanierone as a synergist of the two components.

The chemicals used by insects either as defences or as detection
agents are also useful for phylogeny reconstruction. The cuticular profile
of compounds of some insects (Peschke and Eisner 1987; Pearson et al.
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1988) is a widely known example of such chemicals. Another important
example is the defensive compounds of Carabidae (Forsyth 1972; Eisner et
al. 1977; Moore 1979; Dettner 1987; Will et al. 2000) secreted by the
pygidial gland of these beetles. Will et al. (2000) suggested that the
inclusion of formic acid in the reservoir of the pygidial gland is indicative
of a newer tribe in Carabidae. Formic acid producing tribes have radiated
in all regions of the globe, a fact suggesting that this compound is a very
effective defensive compound. The lack of primitive —or basal taxa- from
the tropics is explained as an extinction on the basis of predation exerted
by birds and ants because of the lack of formic acid. These authors support
their arguments by stating that more potent chemicals exist in situations
where high predation from birds and ants is expected. Many other
defensive compounds are not of evolutionary importance —i.e. markers-
and are invented occasionally to solve predatory problems arising in
particular circumstances. An example of this situation is the bombardier
beetle (Coleoptera, Carabidae, Brachinus sp.) (Eisner et al. 1977; Trautner
and Geigenmuller 1987). The insect produces by the pygidial gland a
mixture of quinones and hydrogen peroxide which are kept separated.
When the beetle is disturbed, presumably the predator empties the
components in the same chamber where an exothermous enzymic reaction
takes place. The temperature rise of the mixture is rapid —i.e. up to 100°C-
and the products, which are the pressure provider oxygen and quinones,
are ejaculated to the exterior.

The chemical ecology of predation in insects is tightly bound to the
behavioural ecology of these insects and the antipredator defences
employed in these relations. For instance, tritrophic interactions and direct
feeding of plants by natural enemies are considered important evolutionary
forces affecting the mortality of herbivores and the fitness of their natural
enemies (Ode 2006). Usually, the behavioural sequence includes steps,
which correspond to one type of behaviour. A widely known example is
the long-range sex pheromone blend, which releases other behaviours
when the insect is approaching the sender (Carde and Baker 1984).

The number of cases where insects engage morphology and chemistry
are many. Aposematism is a typical example of this class of relations.
Aposematism is interpreted as a warning signal, which can be
morphological, chemical (odour) or behavioural, and is sent by certain
prey items to the predator in order to modify its behaviour (Mappes 2005).
Since the processing of information is low within the brain of animals with
respect to the information encountered in the environment, even in the
more advanced forms, the animal is forced to select the more easily
recognizable prey items (Dukas 2002). Aposematism is thus forced to
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emerge and maintained at low levels; as a result negative frequency-
dependent selection is produced (Mappes 2005).

Many theories have been recently suggested to explain such phenomena
and predator-prey interactions. Among them, the following were discussed
in recent treatments of predation in insects.

6.8 Predator Confusion Hypothesis

According to this hypothesis (Dukas 2002), a predator must divide its
attention among many of the visible members of a swarm. This results to a
decrease of the probability of capturing a certain individual. In the case of
predators that focus on an individual the outcome of the division of the
attention is impossible. However, it is unlikely that a predator focuses
attention on a certain individual of the swarm since all nearby individuals
are identical.

6.9 Search Image Behaviour

This type of behaviour corresponds to a sort of selective searching in
which a predator focuses on one out of many prey types if these types are
equally cryptic and equally available. As a result of this behaviour a prey
frequency-dependent predation usually emerges. The fact that a predator
focuses on the more common prey, maintains the prey polymorphism and
in effect an increase of biological diversity.

6.10 Sensory Exploitation Hypothesis

The hypothesis appeared also under the name ‘selective attention
hypothesis’. 1t is known that animals can process only a limited portion of
the information in the reach of their sensory system. According to this,
females focus on selected patterns of the male courtship signals. The
hypothesis is usually invoked when one tries to explain some structured
choruses of calling males. The predation exerted on these choruses by
predators perceiving them by acoustic sensing may be followed by
chemically based predation especially when this happens in reduced light
where only chemical perception is possible.
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6.11 Predator Interference Hypothesis

The hypothesis (Tscharntke 1997) stems from the observation that the
suppression exerted by birds on insects is higher on the natural enemies of
phytophagous insects (=pests) than on the insects themselves. As a result,
pest populations usually increase. Less effective predators are usually
unaffected by top predators, which cannot be equally competitive. The fact
that intermediate predators are of prime importance in the absence of
higher order predators is also termed ‘mesopredator release’ (Holt and
Lawton 1994).

6.12 Pest Release Hypothesis

The feeding activity of some birds on bark beetles causes severe damage to
the searched tree by removing the bark or drilling the trunk thus creating
the appropriate conditions for future bark beetle ovipositions and fungus
infestations. Defecation of already existing larvae by birds and further
transport of pathogens to uninfected habitats causes an increase of bark
beetles. To increase this effect many insects in oviposition lay also some
frass together with eggs while others construct special envelops for their
eggs called ‘scatoshells’ (Weiss 2006).

6.13 Optimal foraging theory

This theory predicts that the way that an animal forages is always under
selection for decisions that maximise the reproductive success (Krebs and
Davies 1987; Stephens and Krebs 1986). In this context, the Predator
Confusion Hypothesis, Aposematism, Sensory Exploitation Hypothesis, and
the various ways of escaping from predators are all consequences of the
optimal foraging theory. Although optimal foraging assumes that the
animals to which the theory pertains are omniscient (Dicke and Grostal
2001), the infochemicalls emanating from the most important resources for
an arthropod, such as food resources, predators, mates and competitors, are
not impossible to be sensed and “known”. In the light of the available
evidence, food webs are always governed by infochemical webs.
Moreover, feeding specialization and enemy free space can be seen as
manifestations of optimal foraging theory. For instance, the finding of
enemy free space drastically decreases the mortality imposed by natural
enemies. Also, specialists make decisions in less time than generalists and
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this can have ‘important consequences for fitness’ (Dicke and Grostal,
2001).

6.14 Concluding remarks

The role of predation in shaping communities and influencing diversity has
been known for many decades, at least as far as insects are concerned.
However, in recent years the application of new methods on the vast
accumulating data sets has provided more detailed insights into the
functioning of predation. For example, new mathematical tools and the
increase in computing power have given researchers the opportunity to
further exploit the data from experimental studies and to move from
abstract notions to testable hypotheses.

Furthermore, studies on predation have received a great boost from the
change of attitude towards controlling harmful invertebrates. The shift
from the use of chemical pesticides towards biological and integrated
control has increased the importance of the use of predators as controlling
agents and, therefore, has provided further data for the study of the role of
predation.

This shift is also evident in the study of the role of chemical interactions
in insect predation systems. The increase of precision of chemical analysis
methods has assisted researchers to identify new natural compounds and to
suggest roles for them.

Biodiversity is a common word nowadays and a lot of attention has been
paid to its conservation and sustainable use. Accordingly, research on
biodiversity issues has increased dramatically and has led to a reappraisal
of the effect of predation on the diversity and structure of communities.
What was up to now treated with generalizations has now become more
specific.

Predation, especially in insects, is playing a very important role but only
now are we becoming aware of the many specific effects that it may have.
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7.1 Abstract

Mosquitoes were recognized as a health and nuisance problem only in the
last century. Since mosquito oviposition sites were initially associated with
the expansion of human settlements, which as a rule is done by building
actions of poor economies, the biological control became a necessity. Even
with the development of chemical industry, the preparation of synthetic
formulations of insecticides is environmentally hostile and ecologically
unsafe since the main side effect of the application is the extinction of
natural enemies of mosquitoes such as odonates, beetles, fishes and
hemipterans in water pools apart from the induced resistance in a short
time. The advancement of biological knowledge made available many new
controlling methods of mosquito populations though substantially more
expensive than synthetic insecticides. The most important of them is the
set of semiochemicals (natural products) associated with the classical
biological control by means of predators. Many investigations have proven
that predators are able to control mosquitoes in ecosystems of variable
size, nutrients and prey densities. Semiochemicals are employed in many
aspects predation. Prey detection, oviposition site selection, chemical
crypsis, kairomonal confusion is among the ways that predators and their
prey mosquitoes are using to affect the outcome of predation. Microbials
as killing agents, are extensively used in projects for mosquito control in
order to minimize the environmental side effects of insecticides. However,
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they fail to eradicate pest populations. In the present report is described an
integrated system for the control of mosquitoes from experience gained in
Mediterranean areas of application. The control system is able to
incorporate any future developments in mosquito population management
such as new introductions or releases from rearing of predators, new
genetic methods or inexpensive repellents and oviposition deterrents.

Keywords: Mosquitoes, Culicidae, predators, Odonata, Coleoptera,
Hemiptera, population management, mosquito control, biological control,
Mediterranean.

7.2 Introduction

Mosquitoes belong to the large family of Dipteran insects, Culicidae. They
comprise the largest group of blood-sucking insects, which attack not only
humans, but also many kinds of vertebrates, including mammals, birds,
fish and reptiles and transmit pathogens to all these groups. More than
3200 different mosquito species are spread all over the world, with the
exception of Antarctic, which is continuously covered by ice. Mosquitoes
have been recorded at elevations of 4.300 m, in Kashmir, as well as 1160
m below sea level, in gold mines of South India (Harwood and James
1979).

The majority of mosquito species are nocturnal in habits. There are
however several others active during daytime. Enormous mosquito
populations are possible to be produced in any kind of water collections,
large or small, temporary or permanent, stagnant or running, clear or
polluted, fresh or brackish. The eggs of some species are capable to
withstand dryness for several months and hatch normally when the sites
where they were deposited flood again. These floodwater species cause
severe nuisance problems in coastal areas and influence negatively the
establishment for tourists or the fieldwork in rural areas.

The mosquitoes’ ancestors appeared in the earth as early as Jurassic
period, according to fossils trapped in amber. Since then, they evolved and
adapted to every type of local environments with different water quality,
different climate, temperature, and food. All these differences in
adaptations resulted in the presently occurring species and subspecies. In
spite of their long existence on the earth, it is only the end of 19" century
that mosquitoes attracted the interest of scientists. That period coincides
with the discovery that serious diseases such as malaria, filariasis or
yellow fever, are transmitted to humans by certain mosquito species. It was
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realized then, that suppressing the mosquito vectors could attain successful
control of these diseases. Although the accurate description of malaria’s
symptoms by Hippocrates in the 4rth century B.C. indicates that the
disease was well known in Greece at that time, Alphonse Laveran
discovered its causative agent, Plasmodium sp., in 1880 (Jones 1909).
Intensive research followed by several scientists and in 1897 Ronald Ross
pointed out the correlation between Plasmodium transmission and
mosquito bites. Meanwhile, Manson, in 1896, proved the role of
mosquitoes in the transmission of human filariae and early 1900’s it
became clear by W. Reed that mosquitoes also transmit yellow fever
(Harrison 1978). All these diseases were often a disaster for human
societies, leading to death millions of people and leaving the rest weak and
unable to improve their living status. Scientists realized that diminishing
the vector populations could succeed the control of these diseases.
Therefore, intensive entomological research started, particularly in
countries facing serious public health problems due to mosquitoes, with
the aim to gain information necessary in the application of effective
control measures. Several aspects dealing with mosquito systematics, their
biology, life cycles, ecology, behavior and vector capacity were elucidated
in these early days.

Systematic efforts for mosquito control actually started soon after the
discovery of Ronald Ross that mosquitoes transmit malaria, although
several natural substances with insecticidal properties were used before
that time, indicating the extent of nuisance caused by mosquitoes. Records
of using different substances against insects exist already in the ancient
Greek literature (Panagiotakopulu 2000). Early methods in mosquito
control included also drainage of large marshy areas, besides spraying with
the existing natural insecticides. The discovery of the first synthetic
insecticides, e.g. DDT and its derivatives, marks the beginning of a new
era in the control of insects. As a consequence of the resistance mosquitoes
developed to those organochlorine chemicals, further research directed
towards the discovery of new insecticides with different mode of action
(Ware 1983). Mosquito control relied thoroughly on the use of chemical
insecticides for many years. No doubt, the chemical insecticides
contributed to the extinction of many serious diseases transmitted by
mosquitoes and other insects. The extensive use and the lack of adequate
knowledge however, had a tremendously destructive impact to the
environment and the wild life, including fish, birds, arthropod predators,
insect pollinators and soil microorganisms. Rachel Carson (1962) presents
dramatically the adverse effects of insecticides.

When all these side effects became obvious and awareness of
environmental safety increased, alternative control measures were
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investigated and a revolution to biological control started in mid 1960
(Becker et al. 2003). The concept of using living organisms in controlling
mosquitoes dates back to 19™ century, when the first attempts were made
to introduce dragonflies as predators in mosquito breeding places
(Lamborn 1890). Meanwhile, it was noticed that several other organisms,
aquatic or terrestrial, could consume mosquitoes as food. Very few,
however, are effective and have been considered as possible biological
control agents.

The oldest and better-known organisms successfully used in mosquito
control are fish. The characteristic preference of some fish species in
mosquito feeding had been already observed since the middle of the 19"
century but their use in larviciding started after the discovery that
mosquitoes transmit malaria. It is stated that in 1902 some species of fish
were used in mosquito control in India for first time (Livadas and
Sphangos 1940). However, systematic studies for large-scale application
were conducted in the U.S.A., about the same period. It was proved then
that most effective were fish of the genus Gambusia (Legner 1995).

In Europe this fish was imported in 1921 for first time in Spain and later
in Italy. In Greece the use of Gambusia in antimalarial program first took
place in 1927 when fish were transported from Italy and distributed in
natural breeding sites in North Greece (Macedonia). Next year the Greek
Red Cross transported Gambusia from Marseille for use, while the same
year, the King of Italy donated a population of Gambusia to the Greek
Government, which were distributed mainly in Attiki District.

Systematic distribution of larvivorous fish in the whole Country started
in 1936 by the former Athens School of Hygiene (now National School of
Public Health). The effort stopped when the application of the first
synthetic insecticides started. Nevertheless, several populations of these
fish still exist in several areas of the Country. Such an area is the marsh of
Schinias in East Attiki (Livadas and Sphangos1940 and AS personal
observation).

The use of Gambusia is no longer recommended in large scale mosquito
control programs, because of the harmful impact of the fish on indigenous
fish species (Service 1983). However, local research is required to identify
indigenous species, which are adapted in the local geomorphology and
climate, are most suitable for predation.

The possibility in using predators in mosquito control, either in the adult
or in the larval stage, has been revised recently by Becker et al. (2003),
who have included also a considerable number of related publications.



Biological control of mosquito populations 127

7.3 The basic suppression agents of mosquitoes in
natural and anthropogenic ecosystems

Mosquitoes are recognized as a problem only in the last century. Perhaps
at those time emerged the necessity to inhabit coastal marshes and inland
wet biotopes that normally give rise to dense populations of mosquitoes.
These human establishments together with global climate change are
expected to raise in unprecedented levels the mosquito-borne or in general
the arthropod-borne diseases —e.g. ARBO-viruses— (Epstein et al. 1998;
Gubler, 1998; Colwell et al. 2006). In human prehistory the
geomorphological processes in the coastal areas promote the existence of
sand dunes and natural barriers to the inland waters that formed coastal
swamps of brakish and fresh waters (examples are at Lerna, Argos, Greece
in Jahns 1993; Schinias, Marathon, Greece in Petrakis 1990). The
appropriate environment for the proliferation of mosquitoes rarely resulted
in population outbreaks because of the action of natural enemies and the
use of repellents and insecticides made of natural products, usually extracts
of plant origin. On the other hand it must be remembered that the
insecticides and repellents were used primarily for protection of the stored
products and occasionally were wused for air borne insects
(Panagiotakopulu 2000).

Usually mosquito populations are controlled by means of variable
agents, which apart from the commonly used synthetic chemical
insecticides (Rodriguez et al. 2001; Kelly-Hope et al. 2005) include
microbial insecticides (Park et al. 2001; Darboux et al. 2001; Wirth et al.
2005), fungal insecticides (Salgado 1997, 1998; Saunders and Bret 1997
Scholte et al. 2004;, nematodes (Perez-Pacheco et al. 2005), invertebrates
such as damselflies and dragonflies (Insecta, Odonata) (Fincke et al. 1997;
Singh et al. 2003), aquatic beetles (Insects, Coleoptera several familes e.g.
Lundkvist et al. 2003), and backswimmers (Notonecta spp., Hemiptera,
Heteroptera, Notonectidae), (Chesson 1984; Blaustein et al. 1995;
Blaustein 1998; Eitam and Blaustein 2004; Eitam et al. 2002) with
particularly adequate life history characteristics and metapopulation
structure (Vepsildinen 1974; Briers and Warren 2000). For the control of
mosquitoes are also used vertebrate groups such as fishes, bats and birds to
behaviour modifying agents. Important research includes guppy fish
(Poecilia reticulata, Poeciliidae) in Elias et al. 1995; toads predated by
odonates in Blaustein and Margalit 1996; Gambusia in Topal et al. 1994;
and an application of Gambusia patruelis importation in Livadas and
Sphangos 1941. The behaviour modifying agents are either synthetic or
natural chemicals; often called ‘semiochemicals’, as they can change the
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behaviour of organisms even in trace amounts. Such semiochemicals are
[1] synthetic repellents such as DEET (Ware 1983; Cranston et al. 1987);
[2] alarm cues that induce defence compounds (Schoeppner and Relyea
2005); [3] sex, oviposition and aggregation pheromones (Millar et al.
1994; Mboera et al. 1999; Michelakis et al. 2005) that help in mate finding
in the sexes of a species and the subsequent, after successful mating,
oviposition; [4] kairomones (Schoeppner and Relyea 2005) that act for the
benefit of the sensing organism; [5] cannibalism and ovicide (Sherratt &
Church 1994); [6] natural repellents —mainly botanical- (Shaalan et al.
2005) such as the methanol extract of Foeniculum vulgare(Apiaceae) and
Citronella oil; the last is an extract derived from Andropogon nardus
(Poaceae) an indigenous plant of Sri Lanka and Sumatra and as all
essential oil blends, citronella is not restricted only to the repellence of
insect pests but it is also used as a antiseptic, deodorant, fungicide,
insecticide, tonic and stimulant; [7] larvicidal natural products such as the
leptostachyol acetate isolated from the roots of Phryma leptostachya var.
asiatica (Park et al. 2005), vegetable tannins (Rey et al. 1999a & b) and
the cell-wall fraction derived from decomposing alder leaves (David et al.
2000).

The mode of action of natural enemies varies with diel time, seasonal
time and life stage of attacked mosquitoes. Bats are usually eating in flight
by ‘scooping’ the adult mosquitoes and all the co-occurring insects. The
web between the tail and the legs, the so-called ‘inter-femoral pouch’, is
used as a means to store the captured prey when in flight (Burton 1971;
Burton 1980) and direct it to the mouth for eating with the aid of the third
and fourth fingers.

Birds are not considered important consumers of mosquitoes mainly due
to the non-overlap of the activities of the two groups. Many bird stomach
analyses have shown that normally mosquitoes represent a small
proportion of the daily diet. It is known that birds are opportunistic feeders
and do not rely on one group of organisms for food intake (Cody 1981).
The majority of mosquito species are nocturnal in habit, and the majority
of birds feed in daytime, therefore it is not expected a bird species to
restrict its diet to mosquitoes. However, when there is a dense population
of mosquitoes these insects represent a substantial amount of their diet.
Regardless to the population density, water fowl (Aves, Anatidae) as a
rule, includes a large proportion of aquatic larvae in their diet. The only
obstacle of these birds in controlling mosquito population is that their
feeding is not selective and usually includes mosquito predators.

Since predators -especially invertebrate ones and the associated
kairomones- do not induce any sort of resistance in the mosquitoes, they
constitute the preferred control method. Especially in regions where either
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the public awareness for the environment is high or the funds for the
suppression of mosquitoes are not enough for many adequate spray
applications required in such anti-mosquito strategies. However, the
control measures involving predators —either in the classical sense or their
semiochemicals only- demand for a thorough knowledge of the existing
ecosystems and many aspects have to be taken into account. Since
predation is considered as the strongest selection pressure in natural
ecosystems it is expected that many organisms such as mosquitoes in water
ecosystems have evolved a variety of adaptive ways to avoid predation
such as crypsis, chemical defences (for Culex predated by Gambusia
affinis Angelon and Petranka 2002; for tadpoles predated by odonates
Petranka and Hayes 1998) and behavioural strategies (Chivers et al. 1996),
while the development of mechanical armour, in the existing evolutionary
route, does not seem possible for these group of insects. Crypsis is used
many times to indicate escape from predation in a more extended time
frame. The most important escape from predation is usually done through
oviposition, which constitutes the principal contribution of the mother to
the antipredator defences of the offspring.

Unlike the oviposition behaviour elicited to gravid females in the
Neotropical mosquito Trichoprosopon digitatum it was found that females
preferred to oviposit in pools where other females have already oviposited
and preferentially guarded their clutch. Also oviposition was more readily
done in food rich pools (Sherratt and Church 1994). Cannibalism was
practised by fourth instar larvae on conspecific larvae at a higher rate in
food rich pools than in food poor pools, but no effect was detected when
the amount of food changed. T. digitatum is selected for this type of
cannibalism since the egg rafts are floating in the surface and for this they
leave no space for more eggs. The crowding is reduced when cannibalism
is exerted on the 2-day old larvae by larvae in the fourth instar, obviously
because of the appropriate size relation. However, cannibalism is not
always for the benefit of the practising organism. In Florida, the
occurrence of the tiger mosquito Aedes albopictus varies according to the
existence of a native mosquito inhabiting the bromeliaceous plant
Billbergia pyramidalis (Bromeliaceae) (Lunibos et al. 2003). After a closer
investigation by Lounibos et al. (2003) it was found that the fourth instar
of the native mosquito Wyeomyia spp. and not the first instar deterred the
oviposition of the tiger mosquito. Perhaps, this is the reason why A.
albopictus is more numerous in northern Florida where the two native
Wyeomyia spp. species are absent. The tiger mosquito has recently
expanded its range as it is a tank inhabiting mosquito susceptible to human
transportation of portable water habitats such fisherlings, potted plants for
planting and already used tires for disposal. Used tires are a perfect means
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for the transportation of tiger mosquito eggs since there is no any
arrangement capable in pouring the rain water trapped in their interior. On
the other hand most mosquito eggs are capable of withstanding desiccation
for many months.

When applying the classical biological control on mosquitoes the
investigator has to take into account many strategies, which may be used
by mosquitoes to escape predation together with many useful, or protected
members of the local fauna. An example of the adverse effects caused by
superficial introduction of natural mosquito enemies is the introduction in
Greece of the mosquito fish Gambusia spp. by Metallinos in 1927 and
Moutousis in 1928 with fisherlings taken from Italy and Marseille
respectively (Livadas and Sphangos 1941). The fisherlings were used to
enrich water bodies in northern Greece and Marathon Lake in Attica. At
least in one case we are able to know the adverse effects on the indigenous
fish fauna of antilarval predators. In Marathon area there is an endemic
fish species, Pseudophoxinellus marathonicus, which is competitively
inferior to Gambusia and it becomes extinct from water pools because the
later either eats the eggs, hatchlings and fisherlings of P. marathonicus or
performs better than the local endemic since it is readily acclimatised in a
variety of environments (Pecl1995). After many introductions of the
mosquito fish with speculative only damaging effects to local faunas it is
now obvious that careful field trials must precede any introduction as Elias
et al. (1995) suggests.

To assess the efficacy of predators several experiments have been
carried out in tree holes —i.e. phytotelmata— as a rule in neotropical
ecosystems (Fincke et al. 1997; Yanoviak 1999; 2001; Juliano and Gravel,
2002). The research group of Ola Fincke at Oklahoma State University
working in tree holes of Barro Colorado Island, Panama observed that
mosquitoes are very rare in the presence of odonate predators. In Barro
Colorado there were four dominant odonate species (Gynacantha
membranalis [Aeshnidae], Megalopterus coerulatus, Mecistigaster
linearis, M. ornata [Pseudostigmatidae]) that predated on mosquito larvae
and also on tadpoles of Dendrobates auratus, the predatory mosquito
Toxorynchites theobaldi and more rarely on Trichosporogon digitatum.
The researchers used artificial tree holes in order to keep track of the water
parameters in each hole. In holes poor in food the mosquitoes were
suppressed (Fig. 1). However, when the hole was richer —i.e. increased
mosquito abundance— predation was not significant when odonate
predators were small. In nutrient rich environments the larvae grew fast
and the odonates ate them suppressing their numbers even in holes having
excessively high mosquito populations. This indicates that local faunas are
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important in controlling mosquito populations without regardless of the
densities.
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Fig. 1. Population densities in “tree holes” poor in nutrients. The continuous line
is the control treatment while the dotted line corresponds to pools with odonates.
Bar length is 1 SE (after Fincke et al. 1997)

When the enrichment of a biotope is planned in a project a feature of the
site to be enriched is spatial complexity. If complexity is coupled with the
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biology of the various life stages of the predators then many predators can
coexist in spite of the intraguild predation that happened in other
ecosystems. Indeed, Hampton (2004) performed a series of mesocosm
experiments where two notonectid predators, Nofonecta and Buenoa, that
were observed in the field to interact strongly since Buenoa has a size well
in the range of prey sizes of Notonecta were studied. When the two species
were offered two types of habitat, i.e. open water and vegetated water;
Buenoa used at night both habitats while Notonecta during the day used
vegetated water, as an ambush predator, while at night it moved freely
among the two types of habitats.

The problem of habitat size in configuring the encounter rate between
mosquitoes and predators was investigated in Japan in the period June-
September (Sunahara et al. 2002). The mosquitoes were allocated to three
groups according to the preferred habitat size. The first group comprised
Aedes (Stegomyia) spp. and Tripteroides bambusa, which occurred mainly
in small (<0.1m?) habitats. In the second group there were Oc. japonicus
and Cx. kyotoensis, which were found in larger habitats. The third group
included Cx. tritaeniorynchus and An. sinensis, which preferred large
habitats. The studied predators, i.e. notonectids, odonates and Chaoborus,
showed a clear preference for large habitats and for this Aedes (Stegomyia)
spp. and Tripteroides bambusa have never met these predators. As a rule
they escape generalist-predators by staying in small water collections and
the studied predators cannot control their populations.

When the release of mosquito predators is planned one trait of some
mosquitoes that has to be taken into account is the capability in producing
oviposition shifts as a part of the escape strategy from the predator. The
mechanism responsible for this behaviour is primarily chemical. In the
vicinity of Massachusetts the hypothesis of shift has been tested on the
tree-hole mosquito Aedes triseriatus (Edgerly et al. 1998). The females of
this species do not scatter their eggs in order to spread the risk associated
with offspring mortality, a fact indicating that the mosquito does not
exhibit opportunistic behaviour. When another mosquito with predatory
larvae, An. barberi, was added in the tree-holes the females of Ae.
triseriatus did not change the oviposition behaviour or the clutch size. It
was also found that females are not able to detect (chemically?) the
presence of the predator in the containers or the density of the predator was
under the detectability threshold. However, the density of the predator
cannot be very high since one predatory larva can consume daily some
hundreds of Ae. triseriatus. The most striking behaviour of this mosquito is
the positive response to co-existing conspecific eggs although larvae are
not attracted to eggs. Early in the season females avoid tree-holes crowded
with eggs as a fear for offspring intense competition or inevitable induced
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diapause. So, they shift oviposition to more advanced season even at the
expense of competition from eggs, evidently not immediate. The
quintessence of the egg number in the habitat signifies the ‘water-holding
capacity of the treehole’ as the authors state (Edgerly et al. 1998).

7.4 The problem posed by synthetic chemical treatments
and some toxins from biological preparations

The main problem posed by synthetic insecticides is the undesirable side
effects such as the local extinction of aquatic taxa. Usually these control
actions are not reported in the literature either from the side of the
implementers or the environmental impact assessment team. Nevertheless,
it exists as evidence in the notes of many scientists and usually it is
communicated verbally in relevant discussions such as the scarcity of
insects in entomological collections from Barcelona area in Catalonia,
Spain verbally reported from Prof. Reinhart Remane (Petrakis 1986).
Local authorities sprayed the broader area to remove mosquitoes as they
are the main cause of nuisance to tourists visiting Barcelona. Since 1980,
Petrakis sampled many lakes and other stagnant waters in Greece for
aquatic and semiaquatic Heteroptera, and found not only a decrease of
population densities but also local extinctions of several heteropteran
species. While the main cause is the application of insecticides other
causes certainly cannot be excluded such as the restriction of water bodies,
urbanization or building of establishments for facilitation of visitors.

A more sophisticated example comes from the delta of river Po (Emilia-
Romagna, Italy) (Veronesi et al. 2004). The periodical floods create
temporary water habitats, which are inhabited by the salt marsh
mosquitoes Oc. caspius and Oc. detritus. Local nature conservation bodies
criticized the practice of mosquito control in the area where many birds
typically nest. The method chosen by local authorities is the enhancement
of the already existing Mediteranean toothcarp fish Aphanius fasciatus
(Cyprinodontidae). The enhancement included the construction of a
network of ditches called runnels, to facilitate the fish in predating larvae
of the mosquitoes. An additional action based on the chemical ecology of
mosquitoes, was also anticipated. The extensive network of runnels is
expected to prevent the oviposition of gravid female mosquitoes, or at least
to decrease the attractiveness, in the local marshes (Veronesi et al. 2004).
The expectations were based on the fact that several mosquito species
minimise the risk of egg predation on their brood by chemically detecting
the existence of predators (e.g. Blaustein et al. 2004). The kairomonal
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blend emanating from a fish predator is possibly a promising future line of
research.

In another program in the low Canavese Valley (Piedmont, Italy) started
in 1997 for the control of mosquito populations (Di Gia et al. 2004). The
research team applied the traditional microbial preparations containing
larvicidal toxins derived from Bacillus thuringiensis var. israelensis (Bti).
Since these toxins are not selective and kill many natural enemies of
mosquitoes the researchers surveyed the rice fields of the area in order to
evaluate the status of the local fauna of mosquito predators. It was found
that the most abundant Odonata were Anax imperator, Orthetrum
albistylum, O. cancellatum, Libellula depressa, Sympetrum pedemontanum
and Crocothemis erythraea while the fish fauna of the area consisted of the
species Leuciscus suffia, L. cephalus, Gobio gobio, Esox lucius,
Padogobius matensi, Lepomis gibbosus and the most efficient mosquito
eater Gambusia affinis. All these species predate on four mosquito species,
namely Oc. caspius, Culex pipiens, Cx. modestus and Anopheles
maculipennis. According to Di Gia et al. (2004) the species of predators
are indicative of the functionality of local biodiversity. Unfortunately, the
effect of the Bti application on the odonate larvae is not known for
Canavese Valley.

The natural products used in controlling mosquito populations as
insecticides are usually of plant or fungal origin (Shaalan et al. 2005).
Some of these products are widely sold as patented brands (Salgado 1997,
1998; Scott and Kaushik 2000; Cetin et al. 2005). Other natural products
such as tannins are derived from live (seeds in Yang et al. 2003; roots in
Park et al. 2005) or decayed (Rey et al. 1999a & b; David et al. 2000) plant
material. The advantage of these products over the synthetic chemical
insecticides is the reduced resistance to the active compounds, the quick
degradability of the insecticides so as not to pollute the groundwater table,
the trophic (Saunders and Bret 2000) and the suite of characters that make
these compounds environmentally safe, in the sense that they are not
biologically active to non target organisms. Almost in all tropical countries
for many years the farmers used the botanical extracts, either crude or
refined of the neem tree Azadirachta indica (Meliaceae) with only a few
environmental problems (Ishman et al. 1991; Sundaram et al. 1997).
However, the short life time of the active ingredient azadirachtin, which
ranges from 24 h to 6.85 days of the commercial formulation Margosan-O
© necessitates the repetition of the applications in order to cover a
sufficiently large time period. In bioassays transacted by Scott and
Kaushik (2000) in specifically designed microcosms it was found that
neem oil (the formulation Margosan-O) did not affect the filter feeding
planctonic organisms Daphnia sp. and Culex sp. In the same experiment
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the benthic ecosystems of the artificial microcosms were destroyed since
the multiple applications of the neem oil as a result of the short life of the
active ingredient killed the fundamental invertebrate species Chironomus
riparius (Diptera, Chironomidae).

The problem of the resistance developed in the insects is the matter of
many debates such as the one hosted by the journal American
Entomologist (2005, vol. 51) (Alves et al. 2005; Cook et al. 2005;
Hamilton et al. 2005; Kalcar et al. 2005; MacKay et al. 2005; Ragson et al
2005; Roberts et al. 2005; Watson et al. 205; Wooley et al. 2005). Among
the many points of the debate was the efficiency of the traditional (=
synthetic chemical treatments such as those employing DDT or
organophosphates) over the natural biological methods or the newer —cf.
molecular- methods such as the development of transgenic methods of
vector management. Old chemical insecticides such as DDT have been
abandoned world wide for a number of reasons the most important being
the very slow degradability and incorporation into trophic webs (Curtis
and Lines2000). The most important feature of the long debate is the
renewed interest for old and environmentally unsafe chemicals. Actually,
the most disappointing is the inability of the scientists to produce an
efficient, cheap and quick ecologically compatible method.

The resistance of the insects to the various chemical insecticides is
possibly the most adverse effect rendering them inapplicable in spraying
programs. For instance Rodriguez et al. (2001) have detected resistance of
Cuban and Vanezuelan Aedes aegypti (Diptera: Culicidae) population to
organophosphates, pyrethroids and synergistic compounds. The
involvement of esterases and monoxygenases in the resistance was also
assessed. It was found that the insect is highly resistant to
organophosphates, which according to the authors, represents a serious
threat to control operations. Importantly the mosquito did not show
resistance to pyrethroids except for a Cuban population to cypermethrin.
Kelly-Hope et al. (2005) have also studied resistance of Anopheles
culifacies and A. subpictus in Sri Lanka to a range of organophosphates
and pyrethroid insecticides. They found that there is a striking inland-
coastal pattern of spatial resistance with more resistance exhibited to
malathion. This chemical has been accused for non-selectivity and
pollution of the water table. For this reason EPA (2000) has proposed a
revision of the risk assessment procedures for the registration of the
respective brand. Importantly, the mechanism of resistance is always very
specific (Hemmingway and Ranson 2000) and the spread of resistant
populations, i.e. the respective genes, is very quick because it is based on
the significantly increased selection of resistant strains over susceptible
ones. In this respect genetic invasions play a primary role (Chevillon et al.
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1995). Cross-resistance is also a problem that is always engaged in control
operations.

On the basis of the developed resistance and the way it is incorporated
in the ecological webs of a particular ecosystem, many human
communities prefer the classical biological control. Probably this occurs
because any biological control program necessitates the rehabilitation of
the natural environment and the ceasing of any chemical application. In
cases where the environment was not taken into account many species of
the local fauna of natural enemies went locally extinct among other
adverse effects (for predatory heteropterans see in Petrakis 1990; Petrakis
and Roussis 2001a & b). The odonate predators of mosquitoes are now
very sparse in Schnias, evidently as a result of the restriction or
disappearance of many water bodies; the scarcity of suitable substrates
made the odonate larvae actually absent from Schinias area, Attica,
Greece. Nevertheless adults can be found, as they are strong flyers
especially in early spring when the summer visitors have not arrived in the
area and the applications of insecticides have not yet started (personal
observation).

In the context of the alleviation of killing non-target organisms and
damaging the existing ecosystems several attempts have been made.
Schwartz et al. (2003) devised a controlled-release system (CRS) to deliver
an insect growth regulator (IGR) to the surface of a water hole in order to
kill the existing larvae of mosquitoes. IGR’ s are selected as insecticide
agents that mimick the moulting hormone of insects (or juvenile hormone)
or interfere with the biosynthesis of chitin. This action typically results to
the death of the larval or pupal stage of the insect while it keeps the
minimal impact to mammals, birds, fishes and bees. In addition it has
insecticide results even in cases of resistance to conventional insecticides.
The IGR chosen for CRS experiments is cyromazine under the commercial
name Larvadex Trigard (Novartis Crop Protection). This compound is
environmentally degraded by a multitude of processes giving melamine.
Melamine undergoes several transformations, all environmentally induced,
and results in a range of compounds that are hazardous to the environment
(Lim 1990; Yokley et al. 2000). The developed CRS is responsible for the
increase in duration of the contact of the targeted mosquito larvae and
pupae increasing substantially the efficacy of cyromazine. Simultaneously,
it minimizes the quantities used and in effect the impact to the
environment. In this way it is expected to balance the increased production
coast induced by the CRS process and materials.
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7.5 The chemical basis of predation on mosquitoes

The best systems to study the chemical ecology of organisms are the
aquatic ecosystems. They are not only well defined and manageable but
they present a wealth of interactions (see for instance Moore et al. 1996;
Jeffries 2002; Stoks 1998). Paradise (2000) investigated the role of
resource and abiotic factors in a series of simulated treeholes as model
ecosystems detritus-based and found that the biotic interactions are
influenced by pH and acidification determines the outcome of biotic
interactions. The predator-prey interaction presents also a wealth of modes
and actions (e.g. Slusarczyk 1995) that are directly applicable in mosquito
control programs.

It is a common sense that the oviposition of mosquitoes is greatly
influenced by chemical compounds. The messages concerning the quality
of the substrate, the crowding of the water substrate and its future and the
existence of egg and larval predators are all chemical compounds
conveyed to gravid female mosquitoes. Female mosquitoes respond to
these stimuli according to the strategy adopted by the species. Although
these situations are very complex involving behavioural alteration they are
worth mentioning and important in integrated control systems for
mosquitoes. In the tree hole mosquito Aedes triseriatus predated by the
mosquito Toxorynchites rutilus it was found that the presence, either actual
or perceived, of the predator resulted in shifts of metamorphosis time,
which in turn results in reduced weight at pupation and reduced eclosion
rates (Hechtel and Juliano 1997). All these assume that the prey mosquito
has the necessary plasticity to manipulate metamorphosis time. The prey
mosquito perceives the predator through chemical cues left by the activity
of the predator such as feces, eaten or half-eaten prey, kairomones of the
predator emanating from the cuticle or gland and evacuated into the water.

Traditionally, oviposition is the activity that directly affects the
reproductive output of an organism. For this reason many investigators
have concentrated on this activity of gravid females. Kiflawi et al. (2003)
investigating the oviposition strategy of the mosquito Culiseta
longiareolata found that there is a trade-off between the fitness costs of
predation risk imposed by the existence of Notonecta maculata larval
predator and the density of the emerged larvae. Since mosquitoes suffer
from extreme larval predation from notonectids (Blaustein 1999; Eitam et
al. 2002; Eitam and Blaustein 2004) a strong aversion for pools containing
the predator is expected. These authors have never observed a behavioural
sequence for the detection of the quality or the heterogeneity of the
oviposition substrate. Blaustein et al. (2004) working with the same
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predator and the same mosquito has added the midge Chironomus riparius
and demonstrated that the mosquito avoided the high predation risk by M.
maculata by using chemical cues since mosquitoes already have receptors
for the chemicals, chemical detection is common in aquatic environments
and finally all the other ways of the detection of a predator are not reliable
in the water. The unidentified kairomone responsible for this particular
chemical detection is also found in experiments conducted by Wisenden et
al. (1995) involving the fathead minnow as a fish predator.

In other type of experiments Schoeppner and Relyea (2005) working
with tadpoles of Hyla versicolor as predators, were able to separate the
effect of predator pheromones and the alarm pheromones released by the
crushing of ten different prey species by the predator. The ten prey species
were tadpoles of the species Rana sylvatica and R. pipiens, the salamander
Ambystoma maculatum, the damselfly Lestes spp., the dragonfly
Sympetrum spp. and the two snail species Physa acuta and Stagnicola
elodes. Importantly, they also discovered that the response of the prey is
phylogenetically related to the emitter of the chemical cue. We were not
able to find a similar study involving mosquitoes at least in the alternative
crushed prey species and possibly it shows an issue, which demands
further investigation.

An important aspect of oviposition behaviour comes from the fact that
mosquitoes, at least the investigated ones, avoid visiting pools with the
“odour” of an already met predator. Whether this avoidance has a side
effect the oviposition of less egg rafts by means of less time devoted to
oviposition remains to be discovered. In an important experiment
involving the oviposition behaviour of the mosquitoes Culiseta lineolata
and Culex paticinctus in pools containing a range of Notonecta maculata
predators (Eitam and Blaustein, 2004) it was discovered that gravid
mosquitoes oviposited in predator free artificial pools. However, the
number of predators did not change the oviposition behaviour of
mosquitoes. The authors state that the threshold of kairomones emanating
from Notonecta maculata remains to be discovered since this type of
interaction could be used in mosquito control programs. Since kairomones
are expensive chemical compounds and their synthesis is a difficult task,
the detection of such a threshold is important before application. On the
other hand it is important to study this kairomonal blend in the field since
it is expected to affect the behaviour of other potential prey species.
Especially, in importation of predators in mosquito control programs that
aim to enhance the predatory efficacy of the local fauna of natural
enemies, the effect of a pheromone blend may disrupt other ecosystem
processes.



Biological control of mosquito populations 139

7.6 Towards an integrated system of mosquito control

Vector control programs for many years were based almost entirely upon
the use of chemicals. The serious adverse effects on the environment, the
non-target organisms, the natural enemies, human health etc, were
recognized some decades ago and a shift in the policy of pest control
shifted gradually towards a revision of the up to now strategies. Emphasis
is given to the safety of the ecosystem and the humans, by applying an
integrated vector control system involving environmental management and
biological methods, with reduced use of chemicals. The main advantage in
the use of alternative methods is that it delays the development of pesticide
resistant mosquito strains.

Integrated vector control, in terms of WHO (1983) can be consider as
“the utilization of all appropriate technological and management
techniques to bring about an effective degree of vector suppression in a
cost-effective manner”. It must now be added that managing effectiveness
must not precede environmental and ecological safety. Approaches vary
with different vectors, ecosystem types and contribution degree of the
vectors in public health (e.g. disease transmission or nuisance).

Becker and coworkers (2003) made a thorough survey of the different
mosquito control methods including biological ones and present examples
of routine mosquito control programs applied in different European
countries. In the same report is also discussed in detail the prerequisites for
the successful implementation of an integrated mosquito control program.

The basic steps that must be followed in such a program are:

1. Monitoring the seasonal population densities in both the adult and the
larval stages and the compilation of detailed entomological and ecological
data. Several techniques are available to accomplish this step, e.g. human
bait catches, CO, baited traps and oviposition traps for monitoring and
estimating adult densities, dipping for monitoring and estimating larval
densities. This step is also necessary to evaluate the effectiveness of the
different control measures applied.

2. Mapping, numbering and characterization of all potential breeding
sites

according to mosquito seasonal densities, plant association, occurrence
of predators and other non target organisms. Geographical Information
Systems (GIS) have become in recent years very useful tools for
collection, storage and analysis of data dealing with entomological and
ecological information (Burrough et al 1998).

3. Decision upon the type of insecticidal agent and selection of
appropriate equipment and application techniques. Methods that can be
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used in mosquito control are: chemical, biochemical, biological, genetic
and physical.

Currently the use of chemical insecticides is mainly restricted against
the adult stage and only if there is a need for urgent reaction. Most
commonly used adulticides include organophosphates, carbamates,
pyrethroids and botanicals, e.g. pyrethrum. WHO (1997) classifies
pesticides suitable to be used either against adults or larvae, according to
their oral toxicity. Although these non-selective substances are effective in
controlling mosquitoes, they also affect non-target organisms and should
be avoided as the sole method when environmental or health concern is
increased.

Biochemical agents, such as insect growth regulators (IGR), include
either chitin synthesis inhibitors (e.g. diflubenzuron) or juvenile hormone
analogues (e.g. methoprene). It is advisable IGRs to be used as larvicides
instead of the conventional chemical ones, since they are declared to
combine selectivity, lower vertebrate acute toxicity and prolonged action.
Contrary to this, recent investigations have revealed that the active
ingredients of IGR blend seriously alter the natural enemy complex by
killing important predators such as Chrysoperla carnea (Celli et al. 1997).
In addition the branch of EPA at California has included one such active
ingredient such as fenoxycarb (CAS #72490-01-8), in the list of
carcinogenic compounds (OEHHA 2000).

Biological control is generally defined as the use of natural enemies
including pathogens, parasites and predators in reducing pest populations
in natural habitats. The incorporation of biological measures in an
Integrated Mosquito Control Program requires a careful selection of the
antagonistic organism, so that the human protection is achieved without
affecting the biodiversity and without inducing ecological problems.
Experimental studies over the last century revealed a great diversity of
living organisms, including microbes, fungi, protozoa, nematodes,
invertebrate and vertebrate predators, as promising mosquito control
agents. Weiser (1991) discusses extensively all groups of organisms that
have been tested as potential biological control agents, including aspects
on field trials, handling, transporting and laboratory activity testing of the
isolates on different groups of vectors. Woodring and Davidson (1996)
give an overview of the research on different organisms as biological
mosquito control agents and comment on the possibilities of using them
effectively under field conditions. According to these authors, several
parameters dealing with environmental conditions and bioecological
properties of both mosquitoes and the control agents should be taken into
consideration in order to optimize their control activity and minimize their
adverse effect on other natural enemies. Davidson and Becker (1996) give
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also a review of the pathogens affecting mosquitoes and emphasize on the
two types of bacteria, Bacillus thuringiensis var israelensis and Bacillus
sphaericus, the toxins of which are successfully and widely used the latest
years in mosquito control programs.

In summary, the following groups of organisms have been studied as
potential mosquito control agents but few of them gave promising results
and even fewer gained commercial interest for mass production and
application:

Pathogens. They include viruses, bacteria, protozoa, and fungi. Two
microbial insecticides, based on the toxins produced by Bacillus
sphaericus and Bacillus thuringiensis israelensis are already in use
worldwide since many years. From the pathogenic fungi that attack
mosquitoes, most promising for use in mosquito control is the larval
pathogen Lagenidium giganteum. However, several problems dealing with
the persistence in the habitat and the storage of the infectious stage of the
fungus still remain unsolved. The best studied group from the protozoa is
microsporidia. However, their complex life cycle and usually low
pathogenicity are factors that prevent their mass production and therefore
their use in control programs.

Parasites. Research with nematodes has shown that the newly hatched
larvae of some Romanomermis species (Mermithidae). penetrate the
integument of mosquito larvae and develop inside their body. Although
mass rearing was achieved and commercial use started in 1970 s,
problems with transportation and survival under some environmental
conditions hindered its application (Becker et al. 2003).

Invertebrate predators. Hydrozoa (Hydra sp.), flatworms (Planaria and
Turbelaria), insect predators (beetles, caddisflies, dragonflies, several
Hemiptera, e.g. backswimmers, and Toxorhynchites larvae. All of these
have not proved to be applicable in large-scale programs at present. It is
worthy to mention that dragonflies were the first recognized mosquito
predators and attempts for their use were made as early as the end of 19"
century (Lamborn 1890).

Vertebrate predators. Fish, birds, bats and tadpoles. Some species of
fish, e.g. Gambusia have been successfully used since the beginning of
1900’s as biological control agents against mosquito larvae. Until today
their use is recommended in several types of breeding sites. Birds, bats and
tadpoles have been proven poor predators, because of lack of selectivity in
mosquito larvae consumption.

Genetic control of insects can be achieved by several methods. The
general concept of these methods is the gradual replacement of the target
population after the release of a genotype with desirable properties. Efforts
for mosquito control by means of genetic methods started as early as the
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decade of 1960. The sterile male technique (SIT), successfully used at that
time in the control of the screwworm fly (Knipling 1959), was tried on
several mosquito species (Karamjit 1996). The high cost and the selectivity
of the method is a limiting factor for including it in an integrated mosquito
control program at present. Other promising genetic methods include
hybrid sterility, cytoplasmic incompatibility, competitive displacement and
chromosomal translocations. The progress in molecular genetics in recent
years promises future achievements in the application of genetic control
methods. Current efforts focus in the introduction of disease refractory
genes into vector populations (Karamjit 1996).

Physical methods in mosquito control include mainly environmental
management and personal protection from mosquito bites.

4. Training of personnel for field or laboratory work. It is obvious that a
successful integrated control program demands thorough knowledge of
both the target organisms and the biological control agent in terms of their
biology, ecology, population dynamics and degree of efficiency. On the
other hand, several environmental parameters of the ecosystem where the
application is going to take place should be examined. All these require
well-trained staff and cooperation of scientists from all implicated areas.

5. Public awareness. Appropriate information of the inhabitants about
the significance of mosquito control and the techniques they are used is
necessary for the acceptance of the treatments especially in the urban
environment. This is achieved by lectures, film shows, popular science
programs and spots on TV, Internet, leaflet circulation or any other related
means.

6. Community participation in the control of mosquitoes, especially of
species that breed in the human environment. In recent years the
development of the community participation in mosquito control, after
appropriate training, has gained significant consideration and consists part
of the primary health care (WHO 1983).
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8.1 Abstract

Cannibalism is a common phenomenon in animals, but some previous
authors have concluded that cannibalism by shell-drilling naticid
gastropods was caused by predator ineptitude, especially early in the
evolution of naticids. The suggestion that naticids were less efficient
predators earlier in their history may be considered consistent with the
hypothesis of escalation. According to the hypothesis of escalation,
biological hazards, such as predation, have increased through geologic
time. If naticids were less efficient early in their history, and if cannibalism
is an indicator of predator ineptitude, then the incidence of cannibalism
should be greatest early in the history of the naticid predator-prey system.
Based on this hypothesis, we predicted a temporal decrease in the
frequency of cannibalism. We tested this hypothesis by determining the
incidence of predation by naticid gastropods on naticid gastropods,
including intraspecific cannibalism, from the Cretaceous through the
Pleistocene. Drilling frequencies (percent of naticid specimens with
complete naticid drillholes) were determined for samples of naticids from
twenty-three stratigraphic levels in the U.S. Atlantic and Gulf Coastal
Plain (~3,400 naticid specimens).

Contrary to this hypothesis, drilling on naticids (including intraspecific
cannibalism) increased through time. Drilling frequency for all Cretaceous
samples combined was 0.02; comparable results were 0.11 and 0.26 for the
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Paleogene and post-Paleogene respectively. Spearman rank correlation
coefficients between drilling frequency and stratigraphic position were
statistically significant for both confamilial and conspecific naticid
predation. Drilling frequencies were not correlated with the abundance of
naticids in the fauna, nor were they correlated with drilling frequencies on
the gastropod fauna as a whole. Most attempts to drill naticid prey were
successful, and no trends in frequency of incomplete drillholes (prey
effectiveness) occurred between the Cretaceous and Pleistocene. These
results may indicate that naticids were not less efficient early in their
history. More plausibly, cannibalism may be an inappropriate measure of
predator ineptitude. In that case, the increase in cannibalism may indicate
increasing naticid predatory capabilities through time; because naticids are
highly mobile prey, cannibalism may require greater predator efficiency
than do non-cannibalistic predation events. Predation on naticids is
energetically profitable and typically successful once drilling is initiated,
suggesting that cannibalism may be an attractive alternative for an efficient
predator rather than a hallmark of ineptitude.

Keywords: Naticid gastropod, drilling predation, cannibalism,
Cretaceous, Paleogene, Neogene, Pleistocene.

8.2 Introduction

In the movie Charlie and the Chocolate Factory, based on the book of the
same name by Roald Dahl, Willy Wonka invites five lucky children to tour
his fanciful chocolate factory. As they enter the first room filled with
delectable sweets, Johnny Depp, as Willy Wonka, declares, “Everything in
this room is eatable. Even I’m eatable. But that is called cannibalism, my
dear children, and is in fact frowned upon in most societies.” Humans are
both fascinated and repelled by cannibalism, and we often attach our own
anthropocentric interpretations to cannibalism when observed in other
organisms.

Nevertheless, cannibalism is relatively common among many vertebrate
and invertebrate animals (Polis 1981). Cannibalism has been reported from
time to time for predatory gastropods, both in the field (e.g., Basedow
1996, for the muricid gastropod Murex trunculus) and laboratory (e.g., the
fasciolariid gastropod Triplofusus giganteus; Dietl 2003). Cannibalism
also has been reported for naticid gastropods. Naticids are primarily
infaunal predators that drill through the shells of their victims in order to
consume their prey (Ziegelmeier 1954). Naticids prey on a variety of taxa;
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juvenile naticids attack ostracods (Reyment 1999; Reyment and Elewa
2003), and possibly foraminifers (Reyment 1966, 1967; Livan 1937;
Arnold et al. 1985), whereas adult naticids occasionally drill scaphopods
(Yochelson et al. 1983). The primary prey of naticid gastropods, however,
are bivalves and gastropods, including other naticids.

Naticid shells bearing naticid drillholes date to the Cretaceous Period
(Kitchell et al. 1986; Kelley and Hansen in press). In some cases, the
predator and prey may have represented different species of naticids.
Nevertheless, examples of actual intraspecific cannibalism are known. For
example, the Miocene St. Marys Formation of Maryland includes two
common species of naticid, Euspira heros and Neverita duplicata, but
individual assemblages are dominated by single species. Kelley (1991)
argued that naticid drilling of St. Marys naticids represented actual
intraspecific cannibalism. Cannibalism has also been observed in the
laboratory within extant naticid species (Kitchell et al. 1981).

Perhaps due to our own aversion to cannibalism, conspecific predation
by naticids has been viewed as anomalous by some authors and attributed
either to unavailability of alternative prey or to predator ineptitude (Paine
1963, Stanton and Nelson 1980, Hoffman et al. 1974). For example,
Stanton and Nelson (1980), studying the Eocene Stone City Formation of
Texas, and Hoffman et al. (1974), for the Miocene Korytnica Clays of
Poland, claimed that cannibalism and multiply bored shells indicate that
naticids bore any shell they find, including already empty shells and other
naticids. In particular, Stanton and Nelson (1980, p. 128) stated that
cannibalism indicated that, “in the early Cenozoic the naticids had not yet
quite gotten the knack of the new, boring mode of predation.” Similarly,
Kojumdjieva (1974) doubted the validity of aquarium observations of
naticid cannibalism and attributed such occurrences to the artificiality of
laboratory conditions. These interpretations contrast with the conclusion
(Kitchell et al. 1981; Kelley 1991; Dietl and Alexander 1995) that
cannibalism by naticids is a predictable result of selective predation and
therefore not anomalous.

The view that Eocene naticids were less adept as predators might be
seen as consistent with Vermeij’s (1987, 1994) hypothesis of escalation.
This hypothesis states that biological hazards such as predation have
increased through the Phanerozoic. Vermeij (1987) cited drilling by
predatory gastropods as evidence for escalation, suggesting that an
increase in gastropod drilling frequencies occurred between the Cretaceous
and sometime in the Eocene, when drilling achieved modern levels. If the
hazard of naticid predation has increased through time, then perhaps
naticids are more efficient predators today than earlier in their history.
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If naticids were less efficient predators early in their history, and if
cannibalism is an indicator of ineptitude on the part of the predator, then
the incidence of cannibalism should be greatest early in the history of the
naticid predator-prey system. Based on this hypothesis, we predicted a
decrease in the frequency of cannibalism through time. This study tests
this hypothesis with a database on naticid drilling from the Cretaceous
through Pleistocene in the U.S. Gulf and Atlantic Coastal Plains.

8.3 Materials and methods

Data on naticid cannibalism were extracted from a database on naticid
predation we have compiled to test Vermeij’s hypothesis of escalation
(Kelley and Hansen 1993, 1996a, 2003, and 2006). The database has been
described in detail, including sampling levels and methods used, by Kelley
and Hansen (1993, 1996a, and 2006). In brief, with the exception of the
Cretaceous data (which were obtained from the Norman Sohl collection of
the U.S. Geological Survey at Reston, Virginia), all data come from bulk
samples. The samples were wet sieved using 1-mm screens, hand picked to
extract all shell material, and all gastropods and bivalves were identified to
species level. Drilling data were collected for all whole or nearly whole
bivalve and gastropod specimens. The complete database includes
approximately 148,000 specimens from 28 formations of Cretaceous
through Pleistocene age. Included in this tally are data from Graham
(1999), Huntoon (1999), and Jones (1999). In addition, data on naticid
drilling presented by Melland (1996), which were not previously included
in the database, were added for this study.

We extracted from this database information on all naticid specimens
within the samples (3,364 specimens). Twenty-three stratigraphic levels
are represented (Table 1). Not all formations in the original database were
included in the present study; for instance, the Corsicana and Kincaid had
inadequate preservation to collect drilling data on gastropods (Kelley and
Hansen 1993). In addition, the Yazoo Formation was excluded from study;
it was deposited in an outer neritic environment (Smith and Zumwalt
1987), in contrast with the inner to middle shelf environments represented
by the remainder of the formations. We also excluded the Eastover
Formation because only seven naticid specimens were present in our
samples.
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Table 1. Stratigraphic units studied, including age and occurrence of naticid
gastropod species. Fm, Formation; Mbr, Member

Fm or Mbr Age One species | One species | Multiple
dominant species
Ripley Fm Late X
Cretaceous
Providence Fm Late X
Cretaceous
Brightseat Fm Early X
Paleocene
Matthews Landing Mbr/ Naheola Fm Middle X
Paleocene
Bells Landing Mbr/Tuscahoma Fm Late X
Paleocene
Bashi Mbr/Hatchetigbee Fm Early Eocene X
Cook Mountain Fm Late middle X
Eocene
Gosport Fm Late middle X
Eocene
Moodys Branch Fm Late Eocene X
Red Bluff Fm Early X
Oligocene
Mint Spring Fm Early X
Oligocene
Byram Fm Early X
Oligocene
Belgrade Fm Late X
Oligocene
Calvert Fm Middle X
Miocene
Drumcliff Mbr/Choptank Fm Middle X
Miocene
Boston Cliffs Mbr/Choptank Fm Middle X
Miocene
Little Cove Point Mbr/St. Marys Fm Middle/Late X
Miocene
Windmill Point Mbr/St. Marys Fm Late Miocene X
Rushmere Mbr/Yorktown Fm Early Pliocene X
Moore House Mbr/Yorktown Fm Late Pliocene X
Chowan River Fm Late Pliocene X
James City and Waccamaw Fms Early X
Pleistocene
Flanner Beach and Neuse Fms Late X
Pleistocene

In previous work, we had calculated drilling frequencies for individual
formations. However, different members within a formation may differ in
composition of the naticid assemblage. For example, within the Yorktown
Formation, our samples of the Rushmere Member were dominated by
Euspira heros, whereas those of the Moore House Member were
dominated by Neverita duplicata. Wherever possible, we therefore treated
samples from different members of a formation separately. Six
stratigraphic levels had two or more species present in approximately even
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numbers (Table 1); these samples are referred to as containing “multiple
naticid species.” For those formations, it was impossible to verify that
naticid predation on naticids represented true intraspecific cannibalism.
However, samples from four stratigraphic levels contained only one
naticid species: the Ripley Formation, Brightseat Formation, Matthews
Landing Member of the Naheola Formation, and Byram Formation. In 12
additional formations or members the naticid faunas were dominated by a
single species. Thus for 16 of the 23 stratigraphic levels studied (more than
two-thirds of the samples), actual intraspecific cannibalism most likely
occurred. (The Rushmere Member also was dominated by a single species,
Euspira heros, but the one drilled specimen was a Tectonatica pusilla; thus
we did not count this unit as exhibiting intraspecific cannibalism.)

As is the case for the non-naticid species in the database, data include
the total number of specimens of each naticid species within each
stratigraphic level and the occurrence of complete and incomplete naticid
drillholes. Naticid drillholes are recognized by their typically parabolic
shape in cross section (designated by the ichnogenus Oichnus Bromley
1981; see Kelley and Hansen 2003 for a comparison of drillholes produced
by different families of drilling gastropods). Complete drillholes are those
that penetrate to the interior of the shell and are presumed to have caused
mortality of the individual. Incomplete holes do not penetrate to the
interior of the shell and usually indicate failed predation, although on rare
occasions incomplete holes may result from successful attacks in which
predators abandon drilling and consume prey that suffocated during
drilling (Ansell and Morton 1987). Drilling frequencies (DF) were
analyzed for each stratigraphic level by dividing the number of specimens
with complete naticid drillholes by the total number of specimens. In
addition, we calculated “prey effectiveness” (Vermeij 1987; Kelley and
Hansen 1993, 1996a, 2003, 2006; Kelley et al. 2001) as the ratio of
incomplete drillholes to total attempted (complete plus incomplete) holes.

Several analyses were conducted using different subsets of the naticid
data: 1) all 23 stratigraphic levels; 2) only samples with at least 40 naticid
specimens; 3) all 16 samples thought to represent actual intraspecific
cannibalism, regardless of sample size; 4) samples representing
intraspecific cannibalism that contained at least 40 naticid specimens.
(Note: the 40 specimen cut-off is more rigorous than that employed in
some earlier studies. For example, Vermeij 1987 reported drilling
frequencies on “abundant species,” which he defined as including 10 or
more individuals.) We explored the temporal pattern of cannibalism using
Spearman’s rank correlation coefficient to determine if a significant
relationship occurred between drilling frequency and stratigraphic
position. We also calculated the product-moment correlation coefficient
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between cannibalism and naticid abundance to determine whether drilling
frequency could be an artifact of abundance of predators. Temporal
patterns in cannibalism were compared to drilling on the gastropod fauna
as a whole using product-moment correlation coefficients. (We recognize
the potential for autocorrelation of these two datasets, because the naticid
data are a subset of the data for the gastropod fauna; however, lack of
correlation between the two datasets, despite the potential for
autocorrelation, may be particularly informative. See Kelley and Hansen
2006 for further discussion.)

8.4 Results

Drilling frequency for naticids varied widely among stratigraphic levels
(Table 2) from <0.01 in the Cretaceous Ripley Formation to 0.36 in the
Miocene Windmill Point Member of the St. Marys Formation.

Table 2. Drilling data and relative abundance of naticid gastropods for formations
(Fm) and members (Mbr) studied. N, total number of naticid specimens; CD,
number of naticid specimens with one or more complete naticid drillholes; Inc.,
number of drillholes that were incomplete; RA, relative abundance of naticids as a
proportion of the total gastropod fauna; DF, drilling frequency (given for both
naticids and the total gastropod fauna

Fm or Mbr N CD Inc. RA Naticid DF Gastropod DF
Ripley 167 1 0 0.069 0.006 0.037
Providence 137 4 0 0.266 0.029 0.060
Brightseat 18 3 0 0.043 0.167 0.377
Matthews Landing 15 3 0 0.051 0.200 0.465
Bells Landing 46 3 0 0.061 0.065 0.352
Bashi 74 5 0 0.273 0.068 0.203
Cook Mountain 228 32 9 0.083 0.140 0.162
Gosport 10 2 0 0.05 0.200 0.075
Moodys Branch 108 14 1 0.057 0.130 0.098
Red Bluff 92 1 0 0.176 0.011 0.135
Mint Spring 229 26 0 0.310 0.114 0.145
Byram 41 7 0 0.230 0.171 0.174
Belgrade 40 6 0 0.115 0.15 0.118
Calvert 215 40 1 0.362 0.186 0.202
Drumcliff 184 65 1 0.095 0.353 0.256
Boston Cliffs 25 2 0 0.064 0.080 0.352
Little Cove Point 563 150 7 0.094 0.266 0.385
Windmill Point 415 149 3 0.156 0.359 0.371
Rushmere 43 1 0 0.102 0.020 0.165
Moore House 241 62 2 0.165 0.258 0.135
Chowan River 161 26 0 0.050 0.161 0.145
James City 297 56 1 0.119 0.189 0.091
Flanner Beach 15 4 0 0.025 0.267 0.060




158  Patricia H. Kelley and Thor A. Hansen

When samples with fewer than 40 naticid specimens or those with
multiple naticid species were excluded from consideration, drilling
frequencies still ranged from 0 to 0.36.

Drilling frequencies tabulated by series (using all samples) exhibited a
general pattern of increase through time (Table 3). The frequency of
drilling on naticids was 0.02 in the Cretaceous (5 of 304 naticid specimens
had complete naticid drillholes). Drilling frequencies ranged between 0.10
and 0.13 for Paleogene series; overall drilling on naticids for the Paleogene
was 0.113 (102 of 901 naticid specimens drilled). In contrast, drilling
during the Neogene through Pleistocene was significantly greater, ranging
at the series level from 0.19 to 0.29. Overall drilling for all post-Paleogene
samples was 0.257 (555 of 2159 specimens drilled). Drilling in the
Paleogene was significantly greater than in the Cretaceous (x* = 26.302,
[p = 0.0000) and significantly less than in the post-Paleogene (x> =
78.025, p =0.0000).

Table 3. Drilling frequency and ratio of incomplete to total attempted drillholes
by series

Series Drilling Frequency Incomplete:Total holes
Upper Cretaceous 0.016 0

Paleocene 0.114 0

Eocene 0.126 0.159

Oligocene 0.100 0

Miocene 0.290 0.028

Pliocene 0.200 0.023

Pleistocene 0.192 0.016

The apparent increase in cannibalism through time is supported by rank
correlations between stratigraphic position and drilling frequency (Table
4). Spearman’s rank correlation coefficient was statistically significant for
each of the four analyses (all samples, large samples only, samples that
likely represent true cannibalism, large samples representing true
cannibalism).

Table 4. Spearman rank correlation coefficients for drilling frequency (DF) vs.
stratigraphic position of samples, and product moment correlation coefficients of
naticid DF with relative abundance (RA) of naticids and with DF for the total
gastropod fauna

Analysis N DF vs stratigraphic | Naticid DF Naticid DF vs
position vs RA gastropod DF

All samples 23 0.5012* -0.1470 0.3061

Large samples 18 0.6718%* -0.0758 0.5399*

Actual cannibalism - all samples 16 0.5559* -0.0771 0.3486

Actual cannibalism - large samples | 12 0.6923* -0.0878 0.7469*
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Fig. 1 illustrates the increase in actual cannibalism in samples with >40
specimens.

0.4
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0.3
0.25
0.2
0.15 ~
0.1
0.05 +
04

Drilling frequency

R RBMS BY BECA D LCWP MH CR JC
Stratigraphic level

Fig. 1. Drilling frequency through time for samples larger than 40 specimens that
represent actual cannibalism. Abbreviations for stratigraphic levels: R, Ripley;
RB, Red Bluff; MS, Mint Spring, BY, Byram; BE, Belgrade; CA, Calvert; D,
Drumcliff; LC, Little Cove Point; WP, Windmill Point; MH, Moore House; CR,
Chowan River; JC, James City/Waccamaw

Naticids were important constituents of Cretaceous and Cenozoic
gastropod faunas (Table 2), representing an average of 11% of the
gastropods in these assemblages (3364 of 31,061 total gastropods in all
samples combined). The proportion of naticids varied among individual
assemblages from 2 to 36% of the gastropods present. Correlation
coefficients between the frequency of drilling on naticids and relative
abundance of naticids were nonsignificant for all four analyses (Table 4,
Fig. 2).

When all samples were included, the correlation coefficient between
drilling frequencies on naticids and on the gastropod fauna as a whole was
nonsignificant (Table 4, Fig. 3). Likewise, when only samples inferred as
representing actual cannibalism are included, the correlation between
naticid DF and DF for the total gastropod fauna is nonsignificant.
However, when samples with fewer than 40 specimens were excluded
from analysis, correlation between drilling frequencies on naticids and on
the gastropod fauna as a whole were statistically significant (r = 0.5359 for
all samples and r = 0.7469 for conspecific predation; Table 4).
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Fig. 2. Frequency of drilling on naticid gastropods (naticid DF) and frequency of
naticids in the total gastropod sample (naticid RA) through time. Abbreviations for
stratigraphic levels: R, Ripley; P, Providence; BR, Brightseat; ML, Matthews
Landing; BL, Bells Landing; BS, Bashi; CM, Cook Mountain; G, Gosport; MB,
Moodys Branch; RB, Red Bluff; MS, Mint Spring, BY, Byram; BE, Belgrade;
CA, Calvert; D, Drumcliff; LCP, Little Cove Point; WP, Windmill Point; RU,
Rushmere; MH, Moore House; CR, Chowan River; JC, James City/Waccamaw;
FB, Flanner Beach/Neuse

Incomplete drilling of naticids was rare (Table 2). Most stratigraphic
levels included no naticid specimens that had been drilled unsuccessfully.
Only one species, Neverita limula of the Cook Mountain Formation,
exhibited substantial incomplete drilling. This species included 7
incomplete drillholes and 11 complete drillholes. As a result, the ratio of
incomplete to total attempted holes (prey effectiveness of Vermeij 1987) in
the Eocene was much higher than for any other series (0.159; Table 3).

No general temporal pattern of incomplete drilling was apparent in the
data; nearly all drilling attempts by naticids on naticids were successful. In
addition, none of the naticid specimens in the Cretaceous or Paleogene
bore more than one drillhole. Seven Miocene naticid specimens had more
than one complete naticid drillhole (out of a total of 414 complete holes in
the Miocene), as did two specimens from the Moore House Member of the
Yorktown Formation (out of a total of 64 complete drillholes in the Moore
House). No other cases of multiple drilling were present.



A case for cannibalism 161

o
1)

i
b

A

o o
= N
E

Drilling frequency

Stratigraphic Level

—o— Naticid DF —m— Gastropod fauna DF

Fig. 3. Drilling frequency (DF) for naticid gastropods compared to the total
gastropod fauna through time. Stratigraphic abbreviations as in Fig. 2

8.5 Discussion

Results of this study are similar to those of most previous studies that
reported drilling frequencies on naticid prey for individual formations. For
example, Taylor et al. (1983) reported that 3% of naticaceans from the
Blackdown Greensand (Albian of England) exhibited naticid drillholes, a
result consistent with our drilling frequency of 0.02 for the Cretaceous.
(However, more recently Kase and Ishikawa 2003 have argued that the
Albian holes were not drilled by naticids.) Previously reported Eocene
drilling frequencies on naticids range from about 0.10 to 0.20 (Taylor
1970, Paris Basin; Adegoke and Tevesz 1974, Nigeria; Stanton et al. 1981,
Texas). The range of Eocene drilling frequencies reported in the present
study is similar (0.07-0.20). Published frequencies of drilling on Miocene
naticids (0.03-0.22, reported by Colbath 1985, Hoffman et al. 1974,
Kowalewski 1990, Dietl and Alexander 2000, and Ztotnik 2001) are
mostly less than in our study (0.08-0.36). However, our results for the
Pliocene (DF = 0.20) and Pleistocene (DF = 0.19) are consistent with most
published results: Pliocene of Emporda, Spain, 0.21 (Hoffman and
Martinell 1974); Pleistocene of Fiji, 0.22 (Kabat and Kohn 1986) and 0.19
(Kohn and Arua 1999); Pleistocene of North Carolina, USA, 0.17 (Dietl
and Alexander 2000). An exception is a drilling frequency of 0.08 reported
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by Boekschoten 1967 for Polinices sp. from the Pliocene of Belgium.
Walker 2001 reported a high frequency of cannibalism (~0.5) on 39
specimens of Natica scethra from the upper Pliocene of Ecuador, but
results may not be comparable to those of this study because they are from
a deep-water environment. (Hansen and Kelley 1995 found significantly
greater drilling frequencies in the deeper water Yazoo Formation than in
the nearly contemporaneous Moodys Branch Formation in the Eocene).

The history of predation by naticid gastropods on naticids therefore does
not support the hypothesis that cannibalism decreased through time.
Temporal patterns in confamilial (and in many cases conspecific)
predation indicate that, despite fluctuations, an overall increase occurred
between the Cretaceous and Paleogene and again in the Neogene. The
frequency of such predation in the Cretaceous was less than 0.03, whereas
comparable results for the Paleogene and post-Paleogene are 0.11 and 0.26
respectively, results that are consistent with those of most previously
published studies. In addition, despite the fluctuating pattern of drilling
frequencies in our database, rank correlation coefficients between drilling
frequency and stratigraphic position were statistically significant for all
analyses. Thus predation by naticids on naticids, including actual
intraspecific cannibalism, increased through time, contrary to the
hypothesis tested.

Rejection of this hypothesis may indicate that naticid predators were not
less efficient early in their history. Some evidence, however, supports the
hypothesis that naticid predatory efficiency increased through time. Kelley
and Hansen (1996b) examined selectivity of prey size and prey species for
four Eocene bivalve assemblages. Species selectivity was analyzed using
cost-benefit analysis, in which cost of predation was measured by prey
thickness (proportional to drilling time) and benefit was determined by the
internal volume of the prey item. Predators were predicted to select the
prey item with the lowest cost:benefit ratio in the size range that could be
handled by the predator. Although intraspecific prey size selectivity
occurred for most Eocene bivalve prey species studied, interspecific prey
selectivity was weaker than in Neogene through Recent assemblages. We
concluded that prey selectivity and thus predator efficiency appeared to be
less developed in the Paleogene compared to the post-Paleogene, as we
predicted from the hypothesis of escalation (Kelley and Hansen 1996b).

An alternative explanation for these contradictory results is that
cannibalism is not indicative of predator ineptitude. Previous work appears
to support this alternative. Kelley (1991) found that cannibalism by
Miocene naticids from the St. Marys Formation of Maryland followed the
same “rules” of prey selectivity as did predation on bivalve prey (Kelley
1988). A high degree of drillhole site selectivity indicated a capacity for
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precise manipulation of prey, and prey choice was consistent with selective
predation to maximize energy gain as indicated by cost-benefit analysis.
Similar results were reported by Dietl and Alexander (1995), who
examined Recent collections of Euspira heros and Neverita duplicata. The
results of Kelley (1991) and Dietl and Alexander (1995) were interpreted
to support the conclusion, based on laboratory experiments (Kitchell et al.
1981), that cannibalism was not anomalous. If cannibalism is not a result
of predator ineptitude, the incidence of cannibalism may not be an
appropriate test of the hypothesis that efficiency of naticid predators
increased through time.

What then controls the degree of cannibalism within a fossil
assemblage? What accounts for the marked increase in drilling on naticids
between the Cretaceous and Neogene? The pattern of temporal increase in
cannibalism is not an artifact of naticid abundance. Although fluctuations
in naticid abundance and drilling on naticids appear to be somewhat in
phase for the Neogene (Fig. 2), if anything the two are inversely correlated
through the Paleogene. In fact, all correlation coefficients calculated for
naticid abundance and drilling frequency are negative, though
nonsignificant. Thus the increase in cannibalism is not a simple
consequence of increasing representation of naticids in the assemblages.

Nor does the temporal pattern of cannibalism mimic closely the history
of drilling on the gastropod faunas as a whole. Kelley and Hansen (1993,
1996a, 2003, 2006) documented a fluctuating pattern of drilling
frequencies characteristic of the mollusc fauna as a whole and to an extent
by the bivalve and gastropod components of the fauna. Drilling
frequencies on the total gastropod fauna (Table 2, Fig. 3) were low to
moderate in the Cretaceous and then increased dramatically after the
Cretaceous-Tertiary boundary. Drilling frequencies on all gastropods
declined through the Eocene but increased above the Eocene-Oligocene
boundary. A late Oligocene decrease was followed by a significant rise in
drilling after the middle Miocene extinction and by another decline in the
Plio-Pleistocene. Kelley and Hansen (1996a) hypothesized that drilling
increased after mass extinctions because extinctions selectively eliminated
the highly armored (escalated) species of a fauna, producing a recovery
fauna that is vulnerable to naticid predation. Further analysis of the
susceptibility of armored species to extinction, however, has not supported
this hypothesis (Hansen et al. 1999). The question of whether species that
were physiologically escalated (rather than morphologically escalated)
were preferentially eliminated by mass extinctions remains open, however
(Dietl et al. 2002).

Kelley and Hansen (2006) compared temporal patterns in assemblage-
level drilling frequencies with those exhibited by lower taxa (individual



164  Patricia H. Kelley and Thor A. Hansen

families, genera and species of bivalves and gastropods). Of two gastropod
families (turritellids and naticids) and six bivalve families examined, only
the poorly represented noetiid bivalves and the naticid gastropods yielded
patterns inconsistent with those exhibited at the class level. The present
study, which employed finer stratigraphic resolution than the study by
Kelley and Hansen (2006), upholds the conclusions of the previous work.
Because the naticid database is not independent of the database for all
gastropods, the potential exists for autocorrelation of the two data sets
(Kelley and Hansen, 2006). Despite this potential for autocorrelation, the
correlation between DF for all gastropods and for naticids is not
statistically significant when all samples are included. Nor is it significant
when only samples representing true cannibalism are included. However,
elimination of smaller samples yielded significant correlations between
total gastropod drilling frequency and that for naticid gastropods.
Elimination of samples with few naticids increases the chance for
autocorrelation of the two datasets because naticids contribute more
substantially to the total gastropod fauna. We suggest that the factors (as
yet unresolved) that control the fluctuations in drilling frequency for the
gastropod fauna as a whole may not be sufficient to explain the temporal
changes in cannibalism.

Paine (1963) and Taylor (1970) suggested that cannibalism by naticids
may result from the lack of alternative prey. In many organisms,
cannibalism is associated with a decline in alternative prey (Polis 1981).
Under such conditions of food limitation, cannibalism may increase
because hunger increases foraging activities, diets expand, and food-
deprived conspecific prey may be more vulnerable to attack. Dietl (2003)
attributed cannibalism by the fasciolariid gastropod Triplofusus giganteus
to hunger induced by lack of alternative resources. In the present case,
however, assemblages containing cannibalized naticids include abundant
drilled bivalves and other groups of gastropods, suggesting that
cannibalism was not a “last resort” of starving naticid predators.

A possible deterrent to cannibalism would occur if the cannibalistic
interaction proved dangerous to the predator. Dietl and Alexander (2000)
have argued that confamilial naticid predation can be considered
dangerous because the “hunted” individual may turn on its predator and
become the “hunter.” However, if a size differential exists between
conspecifics during attempted cannibalism, the smaller individual will be
killed (Kitchell et al. 1981) without endangering the larger individual. In
such cases, smaller naticid prey would not be considered dangerous to
larger conspecific predators, obviating this possible deterrent to
cannibalism.
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As prey, naticids are more difficult to subdue than most bivalve prey,
because of their greater degree of mobility (Kitchell et al. 1981; Kelley
1991; Dietl and Alexander 1995; Ztotnik 2001). Nevertheless, the
relatively thin naticid shell can be penetrated more rapidly, once prey are
subdued. The rarity of incomplete boreholes observed in this study, with
the exception of one Eocene species, indicates that predation on naticids
was typically successful once drilling commenced. Although Taylor
(1970) also reported a high frequency of failed drilling on Eocene naticids,
previous studies of drilling on Miocene and Pleistocene naticids also
reported the absence or rarity of incomplete drilling (Kowalewski 1990,
Kelley 1991, Kabat and Kohn 1986, Kohn and Arua 1999, Dietl and
Alexander 2000). The high frequency of success in drilling a subjugated
naticid, coupled with a low cost-benefit ratio of naticid prey items relative
to their thicker bivalve counterparts (Ztotnik, 2001), indicates that
cannibalism may be more profitable than predation on bivalves or non-
naticid gastropods.

Cannibalism may be beneficial for other reasons as well. Conspecifics
may be an important resource in terms of biomass (Polis 1981), but the
benefit to the predator goes beyond simple energetics. From the
perspective of the individual predator, cannibalism also eliminates
potential enemies, both competitors and predators (Kelley, 1991).
Competition for both mates and food resources can be reduced by
cannibalism; as argued by Polis (1981), cannibals contribute relatively
more genes to the population both through the energetic benefits of
cannibalism and the decreased genetic contribution of competitors.
Cannibalism may also serve as a means of population regulation (Polis
1981, Kitchell, 1986). For instance, Basedow (1995) reported that
cannibalism in extant Lunatia alderi (Atlantic coast of Portugal) appears to
be density dependent and suggested it damps population fluctuations.
Cannibalism may increase resistance to extinction because populations
thus tend to be more stable and also because populations honed by
cannibalism may contain more vigorous individuals (Polis 1981).
Obviously, limits to cannibalism must occur; in the extreme it may
produce local extinctions of the predator (Polis 1981). Indeed, instances of
cannibalism in some organisms may be maladaptive (the result of stress,
accidents, or non-natural conditions), but in many cases cannibalism
should be favored by natural selection (Polis 1981).

In contrast to the interpretation of Stanton and Nelson (1980) and
Hoffman et al. (1974), we thus argue that naticid cannibalism may be an
advantageous interaction that also requires greater predator efficiency than
do non-cannibalistic predation events. The temporal increase in naticid
cannibalism may therefore be interpreted as the result of an increase in
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predator efficiency between the Paleogene and Neogene, perhaps in part
due to natural selection that favored cannibalism. Such an increase in the
post-Paleogene fossil record is also supported by the occurrence of very
low levels of incomplete and multiple drilling in the total fauna during the
Neogene and Pleistocene (Kelley et al. 2001), indicating increased
predator capabilities relative to prey defenses among the mollusc fauna as
a whole. Further testing of our hypotheses concerning evolution of
predatory traits awaits the availability of valid hypotheses of naticid
phylogenies.

Interestingly, Dietl and Alexander (2000) reported a relatively high
frequency of incomplete drilling on the Recent naticids Neverita duplicata
and Euspira heros (representing a sevenfold and threefold increase in prey
effectiveness of the two species, respectively, since the Miocene). They
linked this increase in failed drilling to increases in naticid shell thickness
and a shift of preferred drilling site towards the (thicker) umbilical area of
the naticid shell since the Miocene. Repositioning of the drillhole site was
considered advantageous in preventing egress of the prey’s foot during
drilling (Dietl and Alexander 2000). They also observed a decrease in the
slope of cost-benefit curves between the Miocene and Recent for both
Euspira heros and Neverita duplicata, suggesting that predation on
naticids has become increasingly profitable since the Miocene. Thus since
the Miocene, increases in naticid predatory capabilities apparently were
accompanied by coevolution of defenses by increasingly attractive naticid
prey (Dietl and Alexander 2000). Confamilial predation, including true
cannibalism, therefore represents a delicate balance between the
capabilities of (highly efficient) naticid predators and prey, rather than a
default alternative resulting from predator inefficiency.

8.6 Conclusions

1. Predation by naticid gastropods on naticids, including intraspecific
cannibalism, increased from the Cretaceous through Pleistocene of the
Gulf and Atlantic Coastal Plain. These results are consistent with
previously published data on drilling of naticids.

2. Drilling frequencies are not an artifact of naticid abundance, nor is the
temporal pattern of cannibalism consistent with drilling on the gastropod
fauna as a whole.

3. Most attempts to drill naticid prey were successful, and no trends in
frequency of incomplete drillholes (prey effectiveness) occurred between
the Cretaceous and Pleistocene.
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4. Although previous authors have suggested that cannibalism is a result of
predator inefficiency, we argue that predation on highly mobile naticids
requires a high degree of predator efficiency. Thus the increase in
cannibalism from the Cretaceous through Neogene may indicate an
increase in predator capabilities through time.
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9.1 Abstract

A brief account of attempts at modelling the dynamics of predator-prey
systems is presented. The original deterministic Lotka-Volterra model is
not biologically realistic. Later workers have attempted to modify the basic
features of that model to include biologically relevant parameters and to
introduce the stochastic aspect into the computations. Mathematical
models cannot solve a problem; only point to factors needing biologically
oriented attention. The problem of formulating multi-tiered predation
models is discussed in relation to myticulture.

Keywords: predator-prey systems, mathematical models, stochastic
processes.

Little did the Ukrainian Alfred Lotka (1925) nor the Italian Vito Volterra
(1926) imagine that when they, independently of each other, introduced
the predator-prey biomathematical model into Science that they were
laying the foundation to a rewarding area of mathematical research, and
one that today extends far beyond the original biological confines of the
problem as originally conceived. This is known as the subject of
quasipolynomial systems. As an example of modern developments, we can
take Hernandez-Bermejo and Fairén (2001) on Volterra-Lapunov stability
for n-dimensional conservative systems with non-linearities of arbitrary
degrees.

In its original formulation, the Lotka-Volterra model describes
interactions between two species in an ecosystem, a predator and a prey in
wholly deterministic terms. The underlying concept is not fundamentally
biological in that the model is borrowed from physical chemistry for rates
of reaction where molecules in solution interact by randomly colliding
(Swift, 2002, p. 58). The adaptation of the chemical situation involves two
equations, one that describes how the prey-population changes in numbers
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and the second that expresses how the number of predators (i.e.
individuals) changes. The system is expressed by two differential
equations, to wit:

dH/dt=(a1 -blp)H (91)

dP/dt = (- a, + b,H)P 9.2)

All constants > 0. The subscript 1 denotes prey, subscript 2 denotes
predator.

Here,
H = density of prey individuals 9.3)

P = density of predators

a; =intrinsic rate of increase in the prey-population in the absence of
predation

b; = coefficient of the rate of predation which expresses the diminution
in a; by an amount b;P when P prey-animals are present.

b, = the reproduction rate of predators in relation to each prey individual
consumed

a, = the mortality rate of the predators, which perforce dwindles to
nothing in the absence of prey.

The solution of the quadratic differential equations yields
a, InH - b,H + a; InP - b;P = constant 9.4)

This solution represents a family of closed curves in which each
member corresponds to a different value of the constant, determined by the
initial values assigned to P and H. The original Lotka-Volterra model
represents a system with neutral stability, which implies that prey and
predator undergo oscillations with amplitudes that bear no relation to the
biology of the two species involved, and which depend solely on the
arbitrary values assigned to P and H. This deterministic system, and its
stochastic counterpart, have been discussed in detail by Bartlett (1957)
who showed that there is no damping effect towards the point of
equilibrium, a,/b,, a;/b; where dH/dt = dP/dt = 0 and that the deterministic
path of small cycles around this point is given by an ellipse. Bartlett also
showed that in the stochastic model, the effect of random drift, in the
absence of damping, eventually results either in the extinction of the
predator, or the extinction, first of the prey, and then of the predator due to
starvation. Leslie and Gower (1960) reasoned that the stationary state is in
a sense unstable. However, a more eclaborate definition of the Lotka-
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Volterra model, which includes a damping term, can be expected to lead to
greater stability and fluctuation around an equilibrium state with only a
slight chance of random extinction of one of the species (Leslie 1948).
Swift (2002) used a birth-death formulation to develop a stochastic version
of the Lotka-Volterra model. Of recent date, attempts have been made to
introduce a quantitative evolutionary aspect into predational population
dynamics (Drossel et al., 2000). A relatively early attempt at updating the
Lotka-Volterra model to accommodate the effects of a fluctuating
environment is due to Moran (1953).

In the general form of the theory of predator-prey interaction it is
assumed, albeit in some cases tacitly, that the predator (or parasite)
depends for subsistence on a single species of prey (or host) and cannot
turn to an alternative source of nourishment. (This is a coarse
generalization inasmuch as predaceous gastropods, for example, can
change diet from one species to another when the prey animal has been
annihilated at a locality (Fischer-Piette, 1935; LeBreton and Lubet, 1992;
Moore, 1958).) The case for two prey-species being hunted by a predator
species was considered by Lotka (1925, pp. 88-97) in a tripartite
deterministic model.

A Dbiologically more reasonable model, that results in damped
oscillations towards a stable equilibrium level in both populations, is due
to Leslie and Gower (1960). The basic problem was stated as being
concerned with the behaviour of predator-prey systems in the region of the
stationary state and the chances of random extinction for one or the other
of two species. Two situations may be envisaged here.

Situation 1:
a) There is an ample supply of food for the prey

b) The environment is spatially limited.

¢) All members of the prey-population are exposed to the same risk of
attack by the predator.

Situation 2:
Criterion c¢) above is relaxed so that only a fraction of the prey is
exposed to risk.

The Leslie-Gower predator-prey model results in damped oscillations.
Pielou (1976, p.91) summarizes the significance of the pertinent equations
in terms of two models: all of the constants > 0.
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Model 1: Does not allow for density dependent regulation
dH/dt = (a, - ¢;,P)H 9.5)

dP/dt = (a, - c;P/H)P (9.6)

Model 2: Allows for density-dependent regulation
dH/dt = (a; -b;H - ¢,P)H (9.7)

dP/dt = (a, - c;P/H)P (9.8)

The greater the ratio P/H, the smaller is the number of prey individuals
per predation event and thence the slower the increase of the population of
predators. The visible effect of both of these models is that each species
population undergoes a damping of oscillations over time towards a state
of equilibrium.

In the stochastic model of Leslie and Gower (1960) a variety of possible
birth-rate and death-rate functions for predator and prey can be introduced.
Leslie and Gower (1960, p. 227) also considered the situation taken up by
the Russian zoologist G. F. Gause (1934) where only a part of the prey is
exposed to risk owing to some environmental or behavioural factor. Gause
(1934) pointed out the importance of a refuge in enabling the prey to
survive in his experiments with various species of protozoans, even to the
extent of the local population of predators dying off. Slight elaborations of
the model of Leslie and Gower have been proposed between which it is not
easy to discriminate (cf. Pielou, 1976, pp. 92-95; 107). Pielou points out
that the operationally necessary simplifications involved in many attempts
at modelling ecological situations are often lacking in credibility. She lists
as examples of this the requirement that the environment be spatially
homogeneous, the predator-prey system is closed and cannot receive
immigrants or lose individuals due to emigration, that each population
responds to changes in its own and the other’s sizes instantly, variations in
age-structure are disregarded, competitive abilities are independent of size
of the populations, stochastic effects can be disregarded. A moment’s
reflection will bring to light that some of these situations are not feasible.
For example, the loss or gain of individuals, age-structure, and the
influence of stochastic variation in populations. Pielou (1976, pp. 108-110)
reviews the effects of deviations from the ideal mathematical model. She
concludes that mathematical models in theoretical ecology are not
genuinely useful for answering questions, but have their use for raising
them.



On models for the dynamics of predator prey interaction 175

Chapter 11 in Emlen (1973) provides a fairly comprehensive coverage
of deterministic model-building for predator-prey systems with emphasis
on host-parasite interaction. Another useful textbook reference is Chapter
22 in Roughgarden (1979) in which a simple development of the Lotka-
Volterra model and its inherent weaknesses is given.

An example of how complicated predator-prey interactions can be in
nature is the excellent study of Le Breton and Lubet (1992) on Mytilus
edule. In this study, which may be regarded as an extensive elaboration of
the work of Fischer-Piette (1935), problems connected with the industrial
farming of mussels are addressed (myticulture). The primary problem is
parasitism by the trematode Proctoeces maculatus on Mytilus. This is a
first order predator- prey (parasite) situation. The problem was found to go
deeper than that, however, since it was not known at the time how the
parasites came into contact with the mussels. The solution lay with the drill
Nucellus lapillus, a muricid that drills barnacles by seeking out larval
stages of Balanus balanoides, Chthamalus stellatus and Eliminius
modestus (the “cyprid “stage). Infected Nucellus could be shown to be the
vector introducing the parasite when forced to switch prey to mussels, as
was first elucidated by Fischer-Piette (1935). An effective ecological
model would need to take account of not only the doubly tiered predation
condition, but also crowding, variation in balanid populations and prey-
switching when balanids had been predated upon to near extinction, and,
not least, the ability of the trematode to adjust its life-cycle.

Finally, an aspect of the predator-prey system that seems to have been
overlooked in constructing mathematical models, as far as I am aware,
concerns the expenditure of energy involved in hunting and subduing prey
(the foraging factor) and when it is time to call off a costly attack. An
introduction to the subject is the monograph by Stephens and Krebs
(1986). Reyment (1988) applied foraging analysis to cephalopods with
respect to feeding, including predation.
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10.1 Abstract

One of the most important and obvious forces shaping organismal traits is
predation. Prey have evolved diverse means of enhancing the probability
of survival in the face of predation, and these means fall into two classes of
antipredator strategies: (1) avoidance of predatory encounters, and (2)
escaping after encountering a predator. A range of antipredator defenses—
including behavioral, morphological, physiological, and chemical
defenses—serve to either reduce the probability of detection by a predator
or enhance the probability of surviving after detection by a predator.
However, the recognition that reproductive strategies (e.g. offspring
number, reproductive lifespan) are typically strongly influenced by
mortality regimes induced by predators, highlights that most but not all
“antipredator traits” fall into one of these two categories—that is, some life
history traits influence only fecundity, not survival. Life history evolution
has not traditionally been included in reviews of antipredator adaptations,
however this chapter reveals that the conceptual link between life histories
and predation broadens and refines our understanding of predation’s role
in phenotype evolution.

While ecologists have long recognized the importance of predation in
population- and community-level dynamics, a varied history exists for the
study of predation’s role in influencing evolutionary change. Despite the
wealth of antipredator adaptations present in organisms, research
investigating the significance of predation in biological evolution has
received considerably less attention than other ecological factors (e.g.
competition, mate attraction). However, predation can generate divergent
selection among prey populations in several different ways, and is
predicted to represent a major source of evolutionary change. Recent
empirical work supports this claim. This chapter reviews the varied forms
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of evolutionary strategies prey have evolved to mitigate malicious attempts
of natural predators, and the potential importance of predators in driving
phenotypic divergence and speciation.

Keywords: Antipredator adaptations, divergent natural selection, fitness
tradeoffs, life history evolution, phenotypic plasticity, predator-prey
interactions, reproductive isolation, speciation.

10.2 Introduction

This chapter primarily examines classical predation in animals (i.e.
consumption of one animal by another), however predation can be broadly
defined to include all transfers of energy from one organism to another,
including herbivores, parasites, parasitoids, and pathogens. To illustrate
the generality of several concepts, examples will be provided from this
more general definition of predation. Rather than offer an extensive review
of antipredator strategies, this chapter highlights conceptual points meant
to enhance our investigation and understanding of the role of predation in
the evolution of prey traits.

The transfer of energy among organisms has long received considerable
attention from ecologists (e.g. Elton 1927; Lindeman 1942; Huffaker 1958;
Holling 1959; Paine 1966; Addicott 1974; Pimm 1982; Kerfoot and Sih
1987; Lima and Dill 1990; Polis and Winemiller 1996; de Ruiter et al.
2005). The importance of consumptive interactions in the distribution and
abundance of organisms can be easily observed by a cursory glimpse of
some important ecological concepts and terms: keystone predation, food
web ecology, food-chain length, top-down effects, trophic cascade. While
ecological consequences of predation have been firmly established,
research into the role of predation in driving evolutionary change has
lagged far behind studies centering on other ecological factors, such as
resource competition (reviewed in Vamosi 2005). This is puzzling
considering the vast array of antipredator adaptations present in extinct and
extant organisms, the early attention predation received in the developing
field of evolutionary biology (e.g. Miiller 1879; Wallace 1879; Poulton
1890; Beddard 1892; Thayer 1896), and the repeated propositions that
predation was likely a significant force of evolutionary change in need of
more focused attention (e.g. Cott 1940; Worthington 1940; Fryer 1959;
Askew 1961; Ehrlich and Raven 1964; McPhail 1969; Stanley 1979;
Vermeij 1987; Schluter 2000). For more than a century, most
evolutionarily oriented research investigating predation either examined
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fossil evidence—where predation has long enjoyed substantial respect as a
driving force of evolutionary change (e.g. see chapters 2-3, 7-9, 13-15)—
or examined color patterns (i.e. crypsis, aposematism, mimicry) (see
references in Komarek 1998; Ruxton et al. 2004). Outside of these two
areas, evolutionary studies of predation have been comparatively minimal
until a renewed focus began to emerge in the mid-1970s (e.g. Farr 1975;
Gilbert 1975; Ricklefs and O’Rourke 1975; Holt 1977; Harvey and
Greenwood 1978; Reznick and Endler 1982; reviewed in Vamosi 2005).

mmmm Competition
/= Predation
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Fig. 1. Numbers of papers published in the general fields of ecology, evolution,
and speciation involving the subjects of competition (black bars) and predation
(grey bars). Data are from a search of the Institute for Scientific Information
Science Citation Index conducted in March 2006. Searches included the following
terms for each field of inquiry and subjects: Ecology = ecology, ecological, food
web, population dynamic*, species distribution*, species abundance*, population
distribution*, population abundance*; Evolution = evolution, evolutionary,
diversification, divergence, differentiation; Speciation = speciation, reproductive
isolation, reproductive isolating, sexual isolation, sexual isolating; Competition =
competition (excluding the terms predation and predator), Predation = predation,
predator (excluding the term competition). Results are similar if “herbivory,”
“herbivore,” and “herbivores” are included in the search for Predation, if the term
"food web" is excluded from the search for Ecology, and if searches for one
subject are not exclusive of the other factor (i.e. if the term "competition" were
allowed in searches involving “predation” and vice versa)

To illustrate the disparity in the academic attention received by
competition and predation among ecologically and evolutionarily oriented
studies, I conducted a literature search compiling the number of recently
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published scientific articles involving either predation or competition in
the general fields of ecology, evolution, and speciation. While predation
receives considerable attention in ecological studies, it is clearly
overshadowed by competition in evolutionary studies (Fig. 1).

During the temporal span of the search, the numbers of papers of a
primarily ecological nature involving these two subjects is relatively
similar (=25% more papers involving predation than those on
competition); however, studies involving competition far outnumber
studies involving predation for papers investigating evolution (more than
twice as many) or speciation (more than 5 times as many). Thus, while it is
widely recognized that predation is among the most important ecological
factors structuring natural communities (e.g. Paine 1966; Addicott 1974;
Jeffries and Lawton 1984; Kerfoot and Sih 1987; Holt and Lawton 1994;
Wellborn et al. 1996; Jackson et al. 2001; Shurin and Allen 2001; Almany
and Webster 2004), its potentially important role in phenotypic divergence,
speciation, and diversification rates has only recently attracted significant
attention (e.g. Reimchen 1994; Endler 1995; McPeek et al. 1996; Reznick
et al. 1997; Blackledge et al. 2003; Langerhans et al. 2004; Nosil 2004;
Vamosi and Schluter 2004; Vamosi 2005; Nosil and Crespi 2006b).
Surprisingly, the extension of predation’s importance in the distribution
and abundance of species to its consequences for the distribution and
abundance of phenotypes within and among species has been relatively
slow in development. This chapter is meant to illustrate that when
antipredator traits are reviewed with a broad, evolutionary perspective, the
evidence overwhelmingly points to predation as a major force of
evolutionary divergence across a wide range of phenotypes, and its role in
speciation particularly demands future investigation.

10.3 Solving the problem of being eaten: avoidance and
escape

Predation is a fundamental and pervasive component of ecosystems.
Virtually every organism is perceived as a potential prey by some other
organism. Obviously, an organism has little chance of reproducing and
proliferating its lineage if it is severely injured or consumed by predators.
Thus, selection has presumably strongly favored prey traits that increase
the probability of survival and reproduction amidst predators. For the
purposes of this chapter, “antipredator traits” are traits that predator-
mediated natural selection has played a role in shaping, although they may
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have a different function in some current populations and may be
influenced by other factors as well.

Previous authors have described various conceptual frameworks for
understanding antipredator traits (e.g. Edmunds 1974; Vermeij 1982; Sih
1987; Lima and Dill 1990; Endler 1991; Caro 2005). I believe the most
natural approach perceives predator-prey interactions from a prey’s
perspective, and categorizes antipredator traits based on the manner in
which the traits influence prey fitness (i.e. individual viability, offspring
viability, individual fecundity) and the chronological sequence of the
possible components of predatory encounters—from pre-detection through
recognition, attack, capture, and consumption (Table 1). Antipredator traits
are highly diverse, spanning behavior, morphology, physiology, chemistry,
and life history (reviewed in Edmunds 1974; Janzen 1981; Kerfoot and Sih
1987; Vermeij 1987; Greene 1988; Caro 2005). The approach taken in this
chapter builds upon those of Sih (1987), Endler (1991), and Caro (2005),
in an attempt to provide a more unified framework for understanding all
possible types of antipredator traits.

To enhance survivorship in the face of predation, prey have evolved two
types of strategies: (1) avoidance of predatory encounters, and (2) escaping
after encountering a predator. Predator avoidance is defined as a reduction
in the probability of detection by a predator. Predator escape is defined as
a reduction in the probability of consumption after detection by a predator.
Prey have evolved an astounding arsenal of defenses to avoid and escape
predation (see Table 1). Importantly, antipredator traits do not necessarily
enhance individual survivorship with predators, but might rather influence
offspring survivorship or individual fecundity. Prey generally exhibit
numerous antipredator traits, and as Table 1 illustrates, traits can influence
both avoidance and escape, as well as affect different aspects of fitness.
Further, traits can impact other traits through various means (e.g.
physiological, architectonical), and trait correlations might take on a
number of different forms (e.g. codependence: where one trait is
determined by another; complementation: where specific combinations of
trait values are required to achieve a particular function; see DeWitt et al.
1999; DeWitt and Langerhans 2003). Prey can additionally employ
different traits in different ecological contexts and at different
developmental stages. For example, different antipredator strategies might
be utilized during different life stages or ages (e.g. employ crypsis when in
larval form, rapid retreat when adult). Thus, effects of predation on
phenotype evolution can be quite complex.
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Table 1. Framework for understanding antipredator traits based on the manner in
which traits directly influence prey fitness and the chronological stage of the
predatory encounter in which they are employed. All prey traits are discussed in
the text. Acronyms are as follows, ASF: avoiding a predator’s sensory field, DSF:
avoiding detection within a predator’s sensory field, ATD: attack deterrence,
CPD: capture deterrence, CND: consumption deterrence, Y: yes

How the Antipredator Trait Directly Enhances Fitness

Increase Individual Survivorship Increase Offspring Survivorship
Prey Trait Avoidance Escape Avoidance Escape Increase Individual Fecundity
Activity level ASF
Crypsis DSF
Development time ASF
Use predator-free habitat ASF
Active defense CPD, CND
Aposematism ATD
Attack diversion CPD
Autotomy CPD
Chemical defense ATD, CPD, CND
Death feigning ATD
Deimatic behavior ATD, CPD
Mimicry ATD
Protective morphologies ATD, CPD, CND
Rapid retreat, protean behavior CPD
Grouping ASF, DSF ATD, CPD, CND
Use protective habitat ASF, DSF ATD, CPD, CND
Vigilance ASF, DSF ATD, CPD, CND
Reproductive timing ASF, DSF ATD, CPD, CND Y
Reproductive effort:
-Offspring size ASF, DSF ATD, CPD, CND
-Parental care ASF, DSF ATD, CPD, CND
-Offspring number ASF, DSF ATD, CPD, CND Y
-Frequency of offspring production Y
-Reproductive lifespan Y

The most important aspect of complexity involving antipredator traits is
their likelihood of exhibiting tradeoffs with other aspects of performance.
That is, their utility in defense against one predator might come at the
detriment of defense against another predator, or the production of
offspring, or the ability to acquire resources or mates. Such tradeoffs
should generate divergent selection across environments differing in
predator regime, and thus should be important in evolutionary divergence
(see 10.7).

10.4 Predator avoidance: winning without a fight

Prey have evolved numerous means of reducing the probability of
detection by a predator (see Table 1). These means can be divided into two
categories: 1) avoiding a predator’s sensory field, or 2) avoiding detection
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within the predator’s sensory field. Prey remove themselves (and their
offspring, see 10.6) from a predator’s sensory field primarily by using
habitat with decreased probability of predator presence, by reducing their
activity level, and by reducing time spent in vulnerable life stages. Prey
avoid detection within a predator’s sensory field primarily through crypsis.

10.4.1 Steering clear of a predator’s realm: avoiding a
predator’s sensory field

Many organisms have evolved means of avoiding contact with predators
through their habitat use. Some prey live their entire lives, or spend much
of their time, in holes, fissures, crevices, and other sheltered refugia
(termed anachoresis). Others use ephemeral habitats that are too temporary
in nature or too frequently disturbed to be available to predators, while
others use stressful habitats that are too physically severe to allow
persistence of predators (e.g. Edmunds 1974; Sih 1987). Prey might use
these low-predation habitats exclusively, or might exhibit temporal habitat
shifts, thus remaining active, but in different habitats at different times.
Utilizing low-predation environments reduces the probability of a prey
entering a predator’s sensory field, however the use of more general
protective habitats might also influence other aspects of predator
avoidance and escape (see 10.5.4).

A common antipredator response of many animals is reduced activity
level, where probability of detection is reduced by limiting activity to
relatively safe situations and/or minimizing time available for detection.
For instance, many organisms restrict activity to particular times of the day
(e.g. nocturnal and crepuscular activity) or seasons (e.g. diapause,
dormancy, cyst formation) (reviewed in Stein 1979; Hairston 1987,
Stemberger and Gilbert 1987).

Timing of developmental schedules is an important, but
underappreciated form of predator avoidance. Some organisms exhibit
rapid growth during vulnerable life stages to quickly reach a less
vulnerable stage, or inhibit growth into a vulnerable stage until a relatively
safe time period (Williams 1966; Istock 1967; Wilbur 1980; Roff 1992).
To date, most empirical research on this topic has centered on the
influence of predation on the timing of hatching and metamorphosis in
amphibians (e.g. Werner 1986; Sih and Moore 1993; Warkentin 1995;
Chivers et al. 2001; Saenz et al. 2003; Vonesh 2005). A related, but
distinct, topic is reproductive timing, which describes schedules of
reproductive events (rather than growth rates or life-stage changes) and
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primarily affects aspects of fitness other than individual viability. That
topic is discussed in section 10.6.1.

10.4.2 Hiding in plain sight: avoiding detection within a
predator’s sensory field

Crypsis, the phenomenon where an organism resembles a random sample
of relevant aspects of its environment, is a highly important form of
predator avoidance, and is found in many disparate taxa (reviewed in Cott
1940; Norris and Lowe 1964; Edmunds 1974; Endler 1978; Caro 2005).
Crypticity is meant to reduce detection within the sensory field of a
predator, and includes reduction of visual, tactile, chemical, and electrical
detection. For example, Queen parrotfish (Scarus vetula) surround
themselves at night with a transparent mucus cocoon. This cocoon greatly
reduces odors emanated from the fish, hiding its scent from predators.
Effectiveness of crypsis often depends on a prey’s ability to remain still,
move subtly, utilize appropriate background environments, and coordinate
behaviors with appropriate changes in body coloration.

Classic examples of crypsis include remarkable cases of background
matching by prey organisms (e.g. flat-tailed geckos, sargassum fish,
transparent zooplankton), but crypsis also includes more simple cases of
blending in with the background, such as disruptive coloration, barred
color patterns, general color matching, and countershading. These less
spectacular forms of crypsis are extremely common and often highly
effective. Countershading is ubiquitous among many taxa (e.g. fish,
mammals, birds) and helps break up the body outline by exhibiting darker
coloration dorsally and paler coloration ventrally (obscuring the ventral
shadow formed by overhead lighting which reveals the body form)
(Thayer 1896; Poulton 1902; Cott 1940; Kiltie 1988; Ruxton et al. 2004).
The survival advantage of crypsis has now been demonstrated in a number
of taxa (e.g. Cott 1940; Dice 1947; Cain and Sheppard 1954; Kettlewell
1956; Edmunds 1974; Caro 2005), and results of early experiments on
body color in fish and grasshoppers are presented in Fig. 2.

Some authors consider particular types of mimicry as special cases of
crypsis, however I distinguish crypsis from mimicry by the occurrence of
detection. That is, cryptic organisms avoid detection by predators—
predator avoidance—whereas organisms mimicking inedible organisms or
objects allow detection, but avoid recognition as a palatable prey item—
predator escape. Thus, mimicry is discussed below under the subject of
predator escape.
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10.5 Predator escape: prey fight back

Many prey traits enhance the probability of survival despite detection by a
predator. These traits can be divided into three categories based on three
chronological components of a predatory encounter: 1) attack deterrence,
2) capture deterrence, and 3) consumption deterrence.

10.5.1 Don’t even think about it: attack deterrence

Antipredator traits that comprise attack deterrence are those that reduce the
probability that a predator will actually attempt an attack once detection
has occurred. These traits are meant to advertise detection or quality in an
attempt to stimulate the predator to withdraw. That is, prey produce signals
that they have detected the predator and/or are of poor quality (i.e. difficult
to capture, handle, digest, or altogether inedible).

A common method of attack deterrence is deimatic behavior. Deimatic
behaviors alert a predator that it has been detected and are meant to
frighten, confuse, or intimidate the predator. These behaviors often involve
alarm calls in social animals that additionally serve to alert other prey
individuals that a predator has been detected. In deimatic behavior,
animals often attempt to appear strong, healthy, and large, and sometimes
emit sounds, display bright colors (e.g. color flashes, revealing hidden
areas of the body), eyespots, or weapons, and adopt a stereotypic posture
(Edmunds 1974). Some animals even eject body fluids during deimatic
behaviors, such as the blood squirting behavior of horned lizards, the
spraying of anal gland fluids in skunks, and the fluid jets and sprays of
many arthropods (Eisner and Meinwald 1966).

Body fluids ejected during deimatic displays might affect a predator’s
senses (e.g. obscure vision), cause harm (e.g. fluids that are toxic to the
predator), or simply confuse the predator. Examples of deimatic behaviors
include the stotting and leaping of gazelles, flashing of colors in many
cephalopods, erection of brightly colored or eyespotted wings in stick
insects, chelae displays in crabs, crayfish and scorpions, and the striking
eyespot displays of the Brazilian toad Physalaemus nattereri.

Aposematism is an important means of deterring an attack, and is
common in both plants and animals (e.g. Edmunds 1974; Bowers 1993;
Komarek 1998; Mallet and Joron 1999; Lev-Yadun et al. 2002; Hérlin and
Hirlin 2003). Aposematic organisms have dangerous attributes (e.g.
painful weapons, foul tastes), and advertise this fact via characteristic
colors, structures, or other signals. Bright colors (often red, yellow, or
orange) and spines are common signals for aposematic prey.
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For aposematism to be advantageous, predators must either sample
some prey and learn to avoid attacking those with particular warning
signals, or possess an evolved avoidance response for prey with particular
warning signals—both of these possibilities have been demonstrated in
various taxa.

Mimicry is another way to deter an attack, and is often discussed as an
offshoot of aposematism because many (but not all) cases of mimicry
involve aposematic prey as the model. Miillerian mimicry describes the
phenomenon where an unpalatable or otherwise dangerous prey species
(the mimic) evolves a resemblance to another aposematic prey species (the
model), benefiting from the fact that predators already avoid the model
species (and thus, reciprocally benefiting the model species as well)
(Miiller 1879).

Examples of Miillerian mimics include several genera of wasps and
bees, and many heliconiid butterflies. Batesian mimicry describes the same
phenomenon, with the exception that the mimetic species is actually
palatable (Bates 1862). Thus, Miillerian mimicry involves honest signals,
while Batesian mimicry involves counterfeit signals. Examples of Batesian
mimics include the beetle Clytus arietis and the hoverfly Helophilus
hybridus which both resemble Vespula wasps (Mostler 1935).

Further, mimicry need not involve resemblance to aposematic
organisms, but can involve resemblance to any dangerous or unpalatable
object. For example, many organisms resemble inedible objects, such as
leaves, twigs, and bird droppings, and still others resemble predators or
competitors of their predator—and these represent cases of Batesian
mimicry since the prey are truly edible (Cott 1940; Edmunds 1974;
Bowers 1993; Brakefield et al. 1992; Wiklund and Tullberg 2004).

Prey appearing unpalatable due to their resemblance to particular
organisms or objects avoid attack due to a recognition failure in the
predator. That is, the predator can detect the prey, but it does not recognize
the individual as a prey item.

A similar case involves detection by the predator, but a failure to initiate
a killing response, despite the possibility of initial recognition as a prey
item. This is typically accomplished by feigning death, termed thanatosis.
This response is widespread in arthropods, reptiles, amphibians, birds, and
mammals; classic examples include chickens, American opossums, and the
African ground squirrel (e.g. Ewer 1966; Robinson 1969; Edmunds 1974;
Greene 1988; Caro 2005).



Evolutionary consequences of predation 187

Mosquitofish Grasshoppers

10 -

o o -
i [} B
L '
m
o
ta

o
in
L

a
e

Proportion Surving
Proportion Suriving

o
5]
o
[N

T LE] T
Contrasting Color Matching Color Contrasting Colar M atching Colar

on

Fig. 2. Proportion of surviving prey individuals during experiments with predators
exhibiting either a contrasting or matching body color with respect to its
background environment. (A) Differential survival during predatory encounters
with Galapagos penguins (Spheniscus mendiculus) for pale- and dark-bodied
Western mosquitofish (Gambusia affinis) in pale and dark background
environments (paired z-test, one-tailed P = 0.0006, eight experimental blocks, N =
1,046 fish; data from Sumner 1934). (B) Differential survival during predatory
encounters with several bird species for several species of grasshoppers
representing four color morphs in four corresponding background environments
(paired #-test, one-tailed P < 0.0001, 25 experimental blocks, N = 758
grasshoppers; data from Isley 1938)

In these cases, predators often lose interest in the prey and move away,
or relax attention temporarily providing the prey an opportunity to retreat.
In some cases of death feigning, prey might actually deter consumption,
rather than attack, by stiffening the body in a position that operationally
increases its size and thus reduces a gape-limited predator’s ability to
consume the prey (Honma et al. 2006).

10.5.2 Catch me if you can: capture deterrence

Once a prey has been attacked, it can reduce the probability of successful
capture in several ways. One of the most widespread and common forms
of capture deterrence is rapid retreat, where the organism attempts to
quickly flee from the oncoming attack. To rapidly displace themselves
from the predator, prey can run, jump, swim, fly, drop, or slither away. In
some cases, the retreat may seem quite slow to the human observer,
however it may still be adequate to escape the relevant predator (e.g. rapid
retreats in many snails); thus “rapid” retreat is a relative term in reference
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Fig. 3. Mauthner-cell initiated rapid retreats in chordates, illustrating the
fundamental importance of predator escape responses. For frogs, Mauthner
neurons produce a fast-start in tadpoles and elicit an escape jump in adults (Will
1986; Hoff and Wassersug 2000). Data from Hale et al. (2002)

to the speed of the oncoming attack. A classic example of rapid retreat is
the Mauthner-cell initiated fast-start escape mechanism present in most

anurans and fishes (Domenici and Blake 1997; Hale et al. 2002). This
mode of rapid locomotion is highly important in surviving predatory
strikes (Walker et al. 2005) and is conserved in general form across a wide
range of organisms (Fig. 3). Rapid retreat is often combined with protean
behavior, which describes irregular, unpredictable escape patterns and
displays serving to confuse, disorient, and evade the predator (e.g.
Humphries and Driver 1967; Humphries and Driver 1971; Edmunds 1974;
Driver and Humphries 1988). For example, many prey flee from predators
in an erratic, zigzagging, or bouncing fashion, or combine multiple
behaviors in unpredictable manners. A highly studied predator-prey
interaction involving rapid flight and strong protean behavior is the bat-
moth system (e.g. Roeder 1962; Roeder 1965; Acharya and Fenton 1992;
Rydell et al. 1995; Waters 2003). Efficacy of rapid retreat can also be
enhanced by close proximity to a refuge, contrasting coloration, the
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flashing of colors during the retreat, grouping behaviors, or ejection of
body fluids, such as the smoke screen effect of ink ejection in many
octopus and luminescent clouds in some squids (e.g. Edmunds 1974;
Helfman et al. 1997; Brooke 1998; Caro 2005; Palleroni et al. 2005).

Many prey have evolved an attack diversion to reduce the probability of
capture during an attack. That is, many prey exhibit “predator lures” which
divert the attack of the predator to less vulnerable objects or regions of the
body (e.g. Edmunds 1974; Caldwell 1982; Riley and Loxdale 1988; Van
Buskirk et al. 2003). For example, some prey exhibit defection marks
which direct attacks to nonessential or distasteful parts of the body, such as
the false eyes and antenna of some butterflies, the false heads of some
snakes, and conspicuously colored tails of some lizards. Autotomy, the
ability to break off a part of the body when attacked, is a common mode of
attack diversion in many organisms, and is often combined with deflection
marks centered in these expendable body regions. In these cases, predators
are left with only a small part of the prey, while the prey survives another
day (e.g. lizard tails, mollusc papillae, arthropod limbs). A remarkable
example of attack diversion is found in the cuttlefish, which sometimes
ejects a cloud of dark, viscous ink. This ink remains as a discrete unit for
some time, resembling the cuttlefish in general size and color; predators
often attack this cloud while the cuttlefish pales in color and flees (Holmes
1940; Boycott 1958).

10.5.3 Go ahead, try and eat me: consumption deterrence

Even after a prey has been detected, attacked, and captured, there is still a
chance for it to avoid consumption—and a number of antipredator
adaptations represent consumption deterrence. Many organisms prevent
consumption, and sometimes capture, through active defense, whereby
organisms behaviorally interact with the predator using weapons evolved
specifically for defensive purposes (e.g. claws, spines), as well as
structures more commonly employed during food capture (e.g. teeth/jaws,
stingers), intraspecific interactions (e.g. antlers, horns), and a range of
other activities (e.g. limbs, hooves) (e.g. Edmunds 1974; Vermeij 1982;
Caro 2005). In each of these cases, behavioral actions are taken by prey to
reduce the efficiency of a predator’s capture, handling, and consumption.
Included in this category are the electric shocks produced by some fishes
when seized. In some cases, active defense is aided by expulsions or
secretions of the prey that are not necessarily noxious, but rather
mechanically interfere with consumption. For example, physid snails
sometimes deposit egg jelly and eggs on the feeding parts of attacking



190  R. Brian Langerhans

crayfish. This typically results in the crayfish predator dropping the snail
to scrape clean the mouthparts and limbs, while the snail crawls away
(DeWitt 1996; DeWitt et al. 2000).

Numerous prey have evolved protective morphologies that reduce the
mechanical efficiency of consumption without requiring active
deployment. Examples of protective morphologies include unwieldy size
and shape, and defensive armor and spines; such defenses are common in
both plants and animals (Edmunds 1974; Zaret 1980; Jeffries and Lawton
1984; Myers and Bazely 1991). While many of these morphologies
enhance consumption deterrence, some may also affect attack deterrence
(e.g. armor or spines can provide signals for aposematic prey) or capture
deterrence (e.g. difficult to seize small or large prey).

Another common means of reducing the post-capture probability of
consumption is chemical defense. Many organisms possess noxious
chemicals, sometimes associated with weapons or protective
morphologies, which are emetic, produce bad tastes, foul odors, or painful
experiences for the predator. Noxious chemicals can also be used in other
modes of predator escape (i.e. attack deterrence, capture deterrence),
however they are often employed as a method of last resort. For instance,
many organisms have chemical defenses only released after capture or
injury. One example of highly toxic prey are newts; some of which can
actually be swallowed, their toxins eventually killing the predator, and
then safely emerge from the dead predator’s mouth (Brodie 1968; Hanifin
et al. 1999). Chemical defenses are also very common in plants (e.g.
Karban and Baldwin 1997; Agrawal et al. 1999; Tollrian and Harvell
1999). An alternative strategy to the inhibition of consumption is to
actually pass safely through the predator’s gut; this phenomenon typically
involves chemical defenses and has been described in some plants and
invertebrates (e.g. Vinyard 1979; Aarnio and Bonsdorff 1997).

10.5.4 Multitasking prey: all-purpose antipredator traits

Some antipredator traits have the potential to influence all chronological
stages of predator-prey encounters. For example, predator detection
(vigilance) can affect survivorship in a number of ways. Many prey, but
not all, have evolved the ability to recognize their predators (reviewed in
Caro 2005). Predator recognition is a fundamental prerequisite of
vigilance. That is, only prey that possess the capability of distinguishing
between predators and nonpredators can be vigilant, or employ activities to
see, smell, hear, or chemically or electrically detect predators. Because this
definition of vigilance is conceptual in focus (describing actions prey take
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to detect predators), it is broader than what is often operationally used in
vigilance studies (e.g. when measuring vigilance it is often difficult to
discern whether prey organisms are listening for predators while foraging).
Many organisms utilize environments where predators occasionally occur,
and use vigilance to increase the probability of detecting the predator
before being detected themselves. Once a prey detects a predator, it can
then perform a variety of subsequent actions to avoid or escape predation.
For instance, vigilant prey often remain near a refuge so that when a
predator is detected, they can quickly seek refuge until the predator threat
has passed (all the while going unnoticed by the predator). One striking
example of prey vigilance is the ability of many moths to the detect
ultrasonic echolocation calls of bat predators—an ability that has
apparently evolved at least six separate times and increases survival
through early detection (e.g. Treat 1955; Roeder 1962; Hoy et al. 1989;
Yack and Fullard 2000; Waters 2003). While vigilance can enhance
survivorship, it can also suffer costs, such as lost time or energy that could
have been used for other important activities (e.g. Brown 1999; Gauthier-
Clerc et al. 1998; Caro 2005).

Many prey use protective habitats to avoid or escape predation. In these
cases, prey utilize microhabitats that offer protection from predators in the
form of a complex, structured setting, or an otherwise dangerous or
impenetrable environment for the predator (e.g. shells of hermit crabs).
Protective habitats can enhance prey survivorship in many ways. For
instance, many aquatic organisms inhabit complex habitats such as
macrophytic vegetation and coral reefs, and some plants and invertebrates
live in close association with plants exhibiting high levels of antiherbivore
defenses, such as cactus or chemically-defended seaweeds. These
environments can hide prey, obscure prey, cause predators to halt their
attacks, cause difficulty in negotiating prey capture, and reduce the ability
of a predator to successfully consume and digest prey. Many animals
temporarily utilize stressful environments that predators have difficulty
penetrating, such as low-oxygen or high-temperature aquatic
microhabitats. One striking example of the use of such protective habitats
is the finding that many fish species that were presumed extinct subsequent
to introduction of predatory Nile perch (Lates niloticus) in East African
lakes have actually persisted in the swampy fringes of the lakes, where
structural complexity and hypoxic conditions reduce detection and capture
abilities of the predator (Chapman et al. 1996a; Chapman et al. 1996b;
Chapman et al. 2002).

Conspecific or multispecies grouping behaviors (e.g. flocking, herding,
schooling) can affect survivorship in a number of ways, and have received
considerable research (e.g. Hamilton 1971; Vine 1971; Morgan and Godin
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1985; reviewed in Caro 2005). In one type of grouping behavior, prey
associate themselves with organisms that predators avoid (i.e. the enemy
of my enemy is my friend), thus reducing the probability of entering a
predator’s sensory field. Many prey often aggregate with other organisms
within a predator’s sensory field, where individual prey within the group
reduce their probability of being detected by a predator; although the group
itself might be more easily detected than an individual. One advantage of
grouping that has been long discussed is the increase in vigilance
efficiency, as groups often detect predators earlier, even though each
individual may spend less time being vigilant when in groups (e.g. Darwin
1871; Galton 1871; Miller 1922; Pulliam 1973; Kenward 1978; Trehorne
and Foster 1980). Efficacy of deimatic behaviors can also sometimes be
improved by grouping behaviors (Edmunds 1974; Humphries and Driver
1967). Further, grouping behaviors can reduce the probability of an attack
through a dilution effect (e.g. Hamilton 1971; Bertram 1978; Viscido et al.
2001). By grouping, individuals reduce their probability of being attacked
by effectively diverting attacks to other members of the group. Grouping
can also increase the efficacy of rapid retreat (e.g. Miller 1922; Welty
1934), as well as active defense (e.g. Edmunds 1974; Pulliam and Caraco
1984).

10.6 Reproductive strategies: transcending predators
through life history traits

Most antipredator traits increase fitness amidst predation by increasing
individual survivorship (all those described above). However, predator-
mediated selection can also favor traits that do not necessarily affect
individual survivorship, but rather serve to increase offspring survivorship
or individual reproductive output (Roff 2002). Increasing any of these
three factors (i.e. individual survival, offspring survival, individual
fecundity) can enhance fitness in a predatory environment by augmenting
lineage proliferation. While many antipredator traits can indirectly increase
fecundity by increasing viability—and thus, a prey’s ability to produce
offspring—there are some traits that actually influence fecundity directly.
In this section, I discuss traits that directly influence offspring survival
and/or individual fecundity, and refer to these as life history traits. Traits
influencing offspring survivorship (i.e. reproductive timing, parental care,
offspring size, offspring number) either enhance predator avoidance or
escape, while traits only influencing fecundity (i.e. frequency of offspring
production, reproductive lifespan) do not.
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10.6.1 Know when to hold ‘em, know when to fold ‘em:
reproductive timing

Predator-induced mortality regimes can favor particular reproductive
schedules (e.g. early vs. late sexual maturity) that enhance individual
fecundity (e.g. Stearns and Crandall 1981; Mangel and Clark 1988; Crowl
and Covich 1990; Reznick et al. 1990; Roff 2002). Prey organisms can
further enhance fitness in the face of predation by timing reproductive
events (e.g. mating, fertilization, pregnancy, birthing) to correspond with
time periods where offspring might enjoy relatively high survivorship.
Such adjustments in reproductive timing can increase the offspring’s
probability of either avoiding or escaping predators. For example, prey
might produce offspring at a time when the level of crypsis is elevated,
when predators exhibit low densities or are absent, when predators are
weak or otherwise more vulnerable to prey defenses, or when
environmental conditions reduce a predator’s prey capturing abilities. To
date, few studies have examined shifts in reproductive timing in response
to predator-induced mortality, although a number of examples are known
for the effects of abiotic sources of mortality (e.g. desiccation, reduced
energy sources due to winter; Thomson 1950; Lack 1954; Newman 1988;
Brinkhof et al. 1993; Van Noordwijk et al. 1995; Reznick et al. 2006b).
Reproductive timing can also influence individual viability by minimizing
negative effects of offspring production (e.g. pregnancy, egg production)
on capture deterrence. That is, prey are often more easily captured during
reproductive events, and thus the timing of these events can be selected to
avoid major individual fitness costs.

10.6.2 Putting all your eggs in one basket and flooding the
market: reproductive effort

The reproductive effort of an organism describes the allocation of energy
towards reproduction during its lifespan. This includes several important
life history attributes that can be influenced by predator-induced mortality
regimes. Because many prey populations experience unsaturated
environments (i.e. few limiting resources) under high predation levels,
they are generally believed to be r-selected (i.e. density-independent
selection maximizing per capita population growth rate) in the classic -K
continuum of life history theory (MacArthur 1962; MacArthur and Wilson
1967). Thus, prey species often exhibit reproductive strategies reflecting a
maximization of lineage growth rate. Here, I discuss how reproductive
effort, and components thereof, might be shaped by predation.
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To maximize lineage growth, life history theory generally predicts the
evolution (or induction) of increased reproductive effort under high
predation pressure (Kozlowski and Uchmanski 1987; Abrams and Rowe
1996; Roff 2002). Parental care can be thought of as synonymous with
reproductive effort as defined here, and includes all supply of energy
towards reproduction. Many prey organisms employ high levels of
parental care to enhance fecundity amidst predators. For example, prey can
protect and provide nutrients for embryos and juveniles through nest site
selection, nest morphology, active defense of offspring, and production of
yolk, endosperm, and a placenta. Parental care of juveniles increases
offspring survivorship by enhancing predator avoidance and escape (e.g.
hiding offspring from predators, diverting predator attention from
offspring, active defense of offspring from predators).

While predation may generally favor increased reproductive effort, the
manner in which this effort is allocated can vary. For instance, an
individual can produce one large offspring or several small offspring with
equivalent levels of reproductive effort. Let us now consider how
predation might influence offspring number and size.

The number of offspring per reproductive bout, or clutch size, can be
selected to maximize lineage growth in response to predation. Such an
optimization of clutch size can increase fecundity without altering
offspring survival. In this scenario, offspring survivorship can be held
constant, and the clutch size leading to the greatest lineage growth rate will
be selected. Clutch size can also enhance predator escape ability for
offspring. First, a low clutch size might ensure little competition among
progeny and thus result in good health (which might often increase escape
ability). Second, a high clutch size can provide an indirect form of attack
deterrence by flooding the environment with offspring. In this situation,
higher numbers of juveniles can result in a lower per capita probability of
an attack. A striking example of this phenomenon is reproductive
synchrony (or emergence/metamorphosis synchrony), where high clutch
sizes may be combined with a developmental timing strategy to produce
very high densities of juveniles, effectively reducing individual attack
probabilities, and possibly gaining other advantages of grouping (e.g. mast
seeding in oaks, periodical cicadas; Darling 1938; Lloyd and Dybas 1966;
Hamilton 1971; Janzen 1981; Gochfeld 1982; Ims 1990; DeVito et al.
1998).

Offspring size—including embryo size, egg size, birth size, emergence
size, hatching size, seed size—can influence both predator avoidance and
escape. Thus, many prey organisms have evolved offspring sizes that
enhance their survival in the presence of predators (e.g. Lloyd 1987,
Janzen et al. 2000; Moran and Emlet 2001). For example, small offspring
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are often difficult to detect, while large offspring are often difficult to
capture or consume. Offspring size is often correlated with offspring
number, and thus will often evolve in a coordinated fashion (see discussion
of trait correlations below).

Two additional components of reproductive effort that might often
reflect the selective influence of predation are reproductive lifespan and
frequency of offspring production (Roff 2002). These two traits can serve
to increase individual fecundity in the face of predation. For example, prey
organisms might exhibit a long reproductive lifespan (i.e. early age at
maturity, late onset of senescence) and/or frequent production of offspring.
These strategies can maximize fecundity in an environment with high
levels of mortality. For example, Reznick et al. (2006a) found that guppies
(Poecilia reticulata) that evolved with predators exhibit a longer
reproductive lifespan than guppies that evolved in the absence of major
fish predators. Further, Hubbs (1996) demonstrated that mosquitofish
species (genus Gambusia) inhabiting relatively  low-predation
environments exhibit longer interbrood intervals. While strategies such as
exhibiting many, frequent bouts of reproduction can sometimes decrease
individual survivorship (e.g. mating, pregnancy, and parental care might
increase vulnerability to predation), these strategies may still be favored as
they can produce a net increase in fitness.

10.7 Predators spawn phenotypic diversity of prey:
plasticity, divergence, and speciation

Effects of predators on prey phenotypes can be complex. Phenotypes
generally reflect the influence of multiple selective agents in addition to
predators. Predation can influence phenotypic values both directly, through
predator-mediated selection, and also indirectly through trait correlations
and interactions with other selective agents (e.g. Gould and Lewontin
1979; Lande and Arnold 1983; Sih 1987; Koehl 1996; Pigliucci and
Preston 2004). Most prey exhibit numerous types of antipredator traits, and
correlations among these and other traits are ubiquitous for several reasons
(e.g. physiological, architectonical, functional, or developmental causes).
Thus, effects of predators on one trait can indirectly influence other traits
which are not under selection via predation. In natural systems, predators
might also often affect the selective regime of prey by altering their
interactions with other selective agents, such as altering levels of
competition or densities of other predators. Because of this potential for
complex networks of direct and indirect effects of environmental factors
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(e.g. predation) on traits, researchers must employ a pluralistic approach
assessing both direct and indirect effects of multiple environmental factors
on multiple phenotypes to gain a thorough understanding of how predation
influences prey evolution (DeWitt and Langerhans, 2003; Schaack and
Chapman, 2003; Caumul and Polly, 2005; Hoverman et al. 2005).

Many traits exhibit tradeoffs, where a given trait value increases fitness
in one respect, but decreases fitness in another. Such tradeoffs are common
among antipredator traits and non-defensive traits alike. For example,
reduced activity level might reduce foraging opportunities, morphological
and chemical defenses can be energetically costly and reduce fecundity,
capability for high-speed movement might reduce sustained locomotion
capabilities, grouping behaviors might lead to increased competition,
defenses against one predator might increase vulnerability to another, and
sexually selected ornamental traits can increase susceptibility to predation
(e.g. Sih 1987; Lima and Dill 1990; Andersson 1994; McCollum and Van
Buskirk 1996; Rigby and Jokela 2000; Reimchen and Nosil 2002; Vamosi
2002; DeWitt and Langerhans 2003; Ghalambor et al. 2004; Caro 2005;
Langerhans et al. 2005).

Predators can drive phenotypic differences between prey populations via
several different mechanisms, and tradeoffs are not prerequisites for
divergence. Three common ways that predators can drive divergence of
prey are: fitness tradeoffs in prey traits across different predator regimes
(Fig. 4A), competition for “enemy-free space” (Fig. 4B), and predators
altering interactions of prey with other selective agents (Fig. 4C). The first
case stems from tradeoffs, while the latter two mechanisms of divergence
need not involve such tradeoffs. The common thread among all modes of
divergence is that divergent selection—selection pulling trait means of
different populations toward different adaptive peaks—is responsible for
phenotypic differences in each case (Fig. 4D). Phenotypic differentiation
can result from environmentally contingent (i.e. phenotypic plasticity) or
environmentally independent phenotype production.

10.7.1 To induce or not to induce: tradeoffs can drive predator-
induced plasticity

Many prey organisms have evolved adaptive predator-induced phenotypic
plasticity, where particular phenotypes are only produced under the threat
of predation, thus avoiding fitness costs in the absence of particular
predators. Other organisms (and sometimes other populations of the same
species) have instead evolved fixed phenotypes, and exhibit constitutive
defenses against predators. Whether plasticity or fixed phenotype
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production evolves largely depends on the spatial and temporal variability
of predation, and the ability to predict future predation levels. Plasticity
will typically be favored in a fluctuating environment where the
environmental state can be accurately predicted using environmental cues,
while fixed phenotype production will typically be favored when the
predator regime is constant and costs associated with plasticity and
information acquisition are relatively high (e.g. Bradshaw 1965; Levins
1968; Scheiner 1993; Gotthard and Nylin 1995; DeWitt and Langerhans
2004).

The importance of predators in adaptive plasticity of prey has received
considerable attention during the past two decades. Predator-induced
defenses in animals and herbivore-induced defenses in plants are very
common (reviewed in Havel 1987; Karban and Baldwin 1997; Chivers and
Smith 1998; Agrawal et al. 1999; Tollrian and Harvell 1999). An obvious
form of predator-induced plasticity is the widespread occurrence of
predator-induced antipredator behaviors in animals (e.g. Sih 1987; Lima
and Dill 1990; Werner and Anholt 1993). Induced morphologies, life
histories, and chemical defenses also now appear common in many taxa
(e.g. Dodson 1989; Karban and Baldwin 1997; Agrawal et al. 1999;
Tollrian and Harvell 1999; Pigliucci 2001; DeWitt and Scheiner 2004). For
example, some animals induce defensive morphologies such as unwieldy
body shapes or spines in the presence of predators, some animals induce
egg hatching in response to a nearby predatory attack, and many plants
induce chemical defenses when herbivores initiate an attack. Such plastic
responses to predation represent important and widespread evolutionary
consequences of predation, however plasticity’s influence on
diversification rates is largely unknown. The role of plasticity as a catalyst
for subsequent evolutionary divergence and speciation, and its role as an
inhibitor of extinction, is now receiving considerable attention (West-
Eberhard 1989; Schlichting and Pigliucci 1998; Pigliucci 2001; Robinson
and Parsons 2002; Pigliucci and Murren 2003; Price et al. 2003; West-
Eberhard 2003; Schlichting 2004).

10.7.2 Divergent selection between predator regimes:
evolutionary divergence among prey

Performance tradeoffs can also drive evolutionary divergence among prey
populations, rather than favor phenotypic plasticity. Because predation is
heterogeneously distributed across space and time, and because many traits
exhibit tradeoffs across predatory environments, divergent selection on
prey traits across predator regimes may be very common in nature.
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Empirical support for this proposition is growing (e.g. Reimchen 1994;
McPeek 1995; McPeek et al. 1996; Reznick 1996; Reznick et al. 1997;
Walker 1997; Conover and Munch 2002; Relyea 2002; Vamosi 2002;
Vamosi and Schluter 2002; Langerhans et al. 2004; Reimchen and Nosil
2004; Vamosi and Schluter 2004; Langerhans et al. 2005).

One tradeoff that might be common in many organisms is the conflict
between rapid bursts of movement (often important in capture deterrence)
and endurance (often important for other essential activities, such as
foraging) (e.g. Dohm et al. 1996; Reidy et al. 2000; Vanhooydonck et al.
2001; Wilson et al. 2002; Domenici 2003; Blake 2004). Aquatic organisms
with coupled locomotor systems (i.e. using the same structures for more
than one swimming mode), are predicted to generally experience a tradeoff
between fast-start swimming performance and prolonged swimming
performance, as these tasks require opposite suites of morphological and
physiological traits. Specifically, a shallow anterior region and a deep
caudal region are required to produce rapid fast-starts—a very important
escape mechanism in most fishes and anurans (see Fig. 3)—however a
deep anterior region and a shallow caudal region are required to optimize
prolonged swimming performance—important for acquiring resources and
mates (e.g. Blake 1983; Webb 1984; Webb 1986; Videler 1993; Vogel
1994; Walker 1997; Blake 2004). While the relationship between
morphology and swimming performance can be complicated, this general
tradeoff has been empirically confirmed when comparing across distantly
related, morphologically disparate taxa (e.g. “accelerators” vs. “cruisers”),
as well as within species (Reidy et al. 2000; Fig. 5). This tradeoff is
predicted to generate divergent selection across low- and high-predation
environments for prey populations. Recent empirical work supports this
hypothesis, as a number of aquatic organisms have been found to exhibit
the predicted morphological differences between populations (and
species) inhabiting such divergent predator regimes (Walker 1997; Walker
and Bell 2000; Langerhans and DeWitt 2004; Langerhans et al. 2004;
Dayton et al. 2005).

In many cases, phenotypic divergence between predator regimes
involves a suite of traits, rather than simply one form of capture
deterrence. For example, many studies have investigated phenotypic
differences between predatory environments (e.g. low vs. high levels of
predation from predatory fish) in livebearing fish, particularly the
Trinidadian guppy.

This work has revealed that divergent selection across predator regimes
can drive the simultaneous divergence of a large number of traits, and
livebearing fishes have become a model system to investigate predator-
driven evolution.
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performance (P = 0.007). Data from Langerhans et al. (2004) and RB Langerhans,
MC Belk, and TJ DeWitt (unpublished data)

Guppies exhibit striking differences between predator regimes in body
color, body shape, swimming performance, many types of behaviors, and
many life history parameters (e.g. Seghers 1974; Farr 1975; Endler 1995;
Magurran et al. 1995; Reznick 1996; Houde 1997; Reznick et al. 1997).
Regarding only life history characters, guppies from high-predation
populations are known to mature earlier and at a smaller size, produce
more and smaller offspring per litter, reproduce more often, produce
higher reproductive allotments, and exhibit longer reproductive lifespans
than guppies from low-predation populations (Reznick and Endler 1982;
Reznick et al. 1996; Reznick et al. 2006). Another livebearing fish, the
Bahamas mosquitofish (Gambusia hubbsi), also exhibits striking
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phenotypic differences between predator regimes, including divergence in
habitat use (Fig. 6A), body color (Fig. 6B), several life history parameters
(Krumholz 1963; Sohn 1977; Downhower et al. 2000), male genital size
(Langerhans et al. 2005), body shape (R.B. Langerhans unpublished data),
and swimming performance (R.B. Langerhans unpublished data).
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Fig. 6. Divergence in (A) habitat use and (B) body color among low- and high-
predation environments in Bahamas mosquitofish (Gambusia hubbsi). Prey
populations avoid dangerous habitat types (chi-square, P < 0.0001) and exhibit
less conspicuous coloration (ANOVA, P < 0.0001) in high-predation populations
(N = 55 populations; 25 low-predation, 30 high-predation). Habitat use was easily
assessed using underwater visual survey, and orange intensity was assessed by
ranking individuals from 1 to 3 (1: low, 2: medium, 3: high). Data from RB
Langerhans (unpublished data)

Other well-studied examples of phenotypic divergence between predator
regimes for closely related populations or species includes threespine
sticklebacks (Gasterosteus spp.) and Enallagma damselflies. For instance,
sticklebacks exhibit greater levels of defensive armor and schooling
behaviors under relatively high predation intensities (e.g. Vamosi 2002;
Doucette et al. 2004; Reimchen and Nosil 2004; Vamosi and Schluter
2004), and FEnallagma damselflies exhibit larger caudal lamellac and
greater arginine kinase activity (enhancing rapid retreat) with predatory
dragonflies (e.g. McPeek et al. 1996; McPeek 1997; McPeek 1999). In
many cases, the presumed tradeoffs have been tested and the adaptive
significance of the trait shifts have been identified.
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10.7.3 Divergent selection within predator regimes: the search
for enemy-free space

Not only can divergent selection arise between alternative predator
regimes, but predators can also drive divergent selection on prey traits
within predator regimes (Fig. 4B). This is traditionally believed to stem
from apparent competition—or competition for enemy-free space—which
occurs when one species negatively impacts the density of another species,
not through consumption of shared resources, but rather through a positive
effect on the density of a shared predator. However, apparent
competition—or even sympatry—is not required for predators to generate
prey divergence within particular predator regimes (Abrams 2000). To
date, this mode of predator-driven divergence has primarily received
theoretical investigation (e.g. Fryer 1959; Holt 1977; Brown and Vincent
1992; Abrams 2000; Doebeli and Dieckmann 2000; Abrams and Chen
2002; Bowers et al. 2003), with empirical studies slow to venture into this
field (e.g. Askew 1961; Clarke 1962; Owen 1963; Gilbert 1975; Ricklefs
and O’Rourke 1975; Bond and Kamil 2002).

One way that trait divergence can be favored by predator-mediated
selection within predator regimes is if predators are most efficient at
detecting and consuming particular prey phenotypes, and deviations from
these phenotypes in any direction would enhance prey fitness. For
instance, if two prey populations differ in their average phenotype, with
one slightly less and one slightly more than that most vulnerable to
predation, then selection will drive the populations in opposite directions
of phenotype space (Holt 1977). That is, there are multiple ways prey can
reduce predation risk, but intermediate trait values exhibit low fitness. This
type of divergence can further occur even when there is only one initial
prey population, if predators are also allowed to evolve and prey
additionally compete for limited resources (Brown and Vincent 1992).
However, trait divergence is not the only possible outcome, as prey
populations might also respond to predation in parallel manners (Abrams
2000). Although this scenario is typically discussed in a sympatric
framework, trait divergence can actually occur via such a mechanism
among either sympatric or allopatric prey populations. The particular
adaptive peak a prey population might traverse can also be influenced by
genetic drift or genetic constraints; in these cases, divergence can result
from an interaction between predator-mediated natural selection and other
evolutionary factors.

Schluter (2000) reviewed possible examples where divergent selection
within predator regimes has resulted in prey divergence; examples include
diversification of aspect diversity in moths (Ricklefs and O’Rourke 1975),
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leaf shape in passion flower vine species (Passiflora spp.) attacked by egg-
laying Heliconius butterflies (Gilbert 1975), and gall shapes in oak gall
wasps attacked by parasitoids (Askew 1961). A potentially common
scenario in nature that might produce divergent selection within predator
regimes is when multiple types of background environments exist, and
selection favors different means of crypticity in prey to avoid detection
(e.g. Bond and Kamil 2002; Nosil 2004; Bond and Kamil 2006).
Importantly, such divergent selection within predator regimes (i.e.
selection caused by the same predatory agent) need not result from
apparent competition, as predator density can remain constant and
selection coefficients can also be unaffected by predator density.

10.7.4 Divergent selection involving other selective agent(s):
predation as a context shift

Rather than acting as a direct selective force, predation can alter the
environmental context for prey interactions, thus changing their selective
regime (Fig. 4C; Buckling and Rainey 2002; Doucette et al. 2004; Eklov
and Svanbéck 2006; Steets et al. 2006). This arises when predators cause
changes in prey traits or densities, or attributes of other community
members, that result in changes in selection (magnitude and/or nature)
experienced by prey. For example, predators often cause behavioral shifts
in prey (Kotler and Brown 1988; Lima and Dill 1990; Peacor and Werner
2001; Lingle 2002; Fig. 6A) which might alter a prey’s selective
environment, possibly strengthening divergent selection already in place.
Interestingly, predators need not even consume any individuals to drive
phenotypic divergence in prey under this scenario. Such non-lethal effects
of predators represent an important, growing field of study in ecology (see
chapter 17), however, this topic is only now beginning to receive
considerable attention by evolutionists. So far, it is unknown whether
predators might weaken divergent selection among prey populations as
often as they strengthen it.

One type of prey interaction that predation might often influence is
resource competition. Predation appears to play an important role in the
divergence of benthic and limnetic species pairs of threespine stickleback
in British Columbia (e.g. Vamosi 2002; Vamosi and Schluter 2004). In a
pond experiment, divergent selection among benthic and limnetic
stickleback was strengthened under high predation pressure from aquatic
insects and cutthroat trout (Oncorhynchus clarkii), even though the level of
resource competition actually decreased (Rundle et al. 2003). In this case,
it seems that predators increased resource partitioning among divergent
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prey phenotypes, possibly by inducing changes in habitat use or foraging
behavior, and caused competition to decline at a greater rate with
phenotypic distance compared to an environment lacking predators.
Interestingly, benthic and limnetic pairs of stickleback have apparently
evolved only in lakes with cutthroat trout and no other fish species present.
Stickleback have not evolved such phenotypic divergence within any of 16
nearby candidate lakes, which have an average of approximately three
other fish species, and all but one have more potential predators and
competitors than cutthroat trout (Vamosi 2003).

10.7.5 Predation as a driver of speciation: eating individuals,
spitting out species

Until now, we have only discussed predation’s influence on phenotype
divergence within lineages, however predation can also affect the splitting
of lineages (i.e. speciation), the elimination of lineages (i.e. extinction),
and overall diversification rates (speciation minus extinction). Both
theoretical and empirical work strongly confirm that divergent selection
can lead to speciation (i.e. reproductive isolation between populations) as a
byproduct of ecological adaptation (e.g. Mayr 1942; Dobzhansky 1951;
Rice and Hostert 1993; Funk 1998; Rundle et al. 2000; Schluter 2001;
Coyne and Orr 2004; Nosil et al. 2005; Rundle and Nosil 2005; Funk et al.
2006). For example, mate choice might involve traits under divergent
selection, or selection against hybrids might favor assortative mating.
Further, predator-mediated selection against migrants from alternative
predator regimes can result in reproductive isolation. Thus, any of the
mechanisms described above could result in reproductive isolation
between divergent prey populations. But, has predation actually been an
important driver of speciation? Given the apparent ubiquity of predation’s
influence on phenotype divergence, it seems reasonable to expect that it
might often contribute to the process of speciation. Unfortunately,
investigation into predation’s role in the formation of species has received
little attention to date (see Fig. 1). However, recent work is beginning to
shed some light onto this question (e.g. McPeek and Wellborn 1998; Stoks
et al. 2005; Vamosi 2005).

There is now accumulating evidence suggesting predation is a
significant driver of speciation in Heliconius butterflies (e.g. McMillan et
al. 1997; Mallet et al. 1998; Jiggins et al. 2001; Naisbit et al. 2003; Jiggins
et al. 2004). Further, predation is strongly implicated in divergence and
reproductive isolation between color pattern morphs of Timema walking-
stick insects (e.g. Sandoval 1994; Crespi and Sandoval 2000; Nosil et al.
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2002; Nosil et al. 2003; Nosil 2004; Nosil and Crespi 2006). In this case,
predator-mediated divergent selection (by avian predators) across
background environments (host plants) has apparently resulted in cryptic
color pattern divergence and partial reproductive isolation between
diverging prey populations. Ongoing work is also uncovering the
importance of predation on reproductive isolation among populations of
livebearing fish species inhabiting divergent predator regimes (RB
Langerhans unpublished data).

Additionally, several general models of speciation might involve
predation, although they may not typically focus on predation per se. For
example, habitat selection (e.g. host-plant preference, oviposition site
selection) can often be influenced by predator regime, and facilitate
speciation by enhancing assortative mating. Further, many models of
speciation involving frequency-dependent selection, or competition for
resources, can be interpreted as consequences of predator-prey interactions
(e.g. apparent competition).

10.8 Conclusions and future directions

Predation’s general importance in the evolution of prey phenotypes is
without question. In this chapter, [ described a framework for
understanding antipredator traits based on the manner in which traits
influence prey fitness and the chronological sequence of predatory
encounters. The framework illustrates the ubiquity of predation’s influence
on prey traits. However, many questions remain concerning the detailed
nature of predation’s role in generating the diversity of phenotypes and
species we see today. This chapter highlights the need for further
investigation into how reproductive strategies might reflect antipredator
adaptations, and how predation might influence trait divergence and
speciation. An important component of future research should involve a
pluralistic approach to studies of phenotype evolution, where multiple
selective agents and multiple phenotypes are examined simultaneously.
While research into the significance of predation in producing evolutionary
divergence of prey species experienced a slow start through most of the
twentieth century, recent and ongoing research suggests the field is now
very rapidly growing. Our understanding of the varied ways that predators
might influence the evolution of prey phenotypes and reproductive
isolation between prey populations should be greatly improved by the end
of the current century.
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11.1 Abstract

Wildlife management activities often serve to balance wildlife populations
with perceived available habitat and agency management objectives or
recovery goals. Predation management, while controversial in the public
arena, is occasionally necessary to help balance populations of prey and
predators. To conduct predation management in a responsible manner, the
nature of predation impacts to prey populations must be examined and
understood. The authors discuss: 1) various factors which affect predation
impacts, 2) behavioral changes in prey populations which result in
secondary predation impacts, and 3) strategies which may be implemented
to facilitate prey populations to attain agency management objectives.

Keywords: Predation, secondary impacts, secondary predation,
management, predator-prey relationships, predator avoidance behavior,
carrying capacity.

11.2 Introduction

Predation is a naturally occurring event which influences both predator and
prey populations, behaviors and densities. In a natural ecosystem,
predation usually “balances” with prey in some manner'. However,
ecosystems in the contiguous United States have been altered in ways that
affect both predator and prey populations and behavior (Hecht and

! Because of the complexity of predator-prey relationships, the following is not intended to

summarize the role of predation in wildlife population dynamics, but to summarize
primary effects and introduce some secondary effects that predators have on prey
species.
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Nickerson 1999). Numerous factors can be responsible for wildlife
population declines, including habitat loss or change, severe weather (e.g.,
drought, deep snow), starvation, change in age and sex structure, disease,
predation, predation risk, competition with livestock and other wildlife
species, hunting and interactions of these factors (Wallmo 1981; Hall
1984; Whittaker and Lindzey 1999). Connolly (1978), however, after
reviewing 58 studies of predation on wild ungulate populations concluded
that in 31 cases predation appeared to be a primary limiting factor.

While predation is a natural phenomenon that cannot and should not be
eliminated, at times some prey species suffer from excessive predation
rates or risk of predation (Morse 1980; Edwards 1983; Lima et al. 1985;
Ferguson et al. 1988; Hoban 1990; Lima and Dill 1990; Schmitz et al.
1997; Kie 1999; Hecht and Nickerson 1999; Creel et al. 2005).
Professional game managers may also have management objectives for
wildlife populations other than population densities which would
ordinarily exist in “balance.” The reality is that without the intervention of
a management strategy to reduce predation, the effects of severe weather,
disease or human influence on natural ecosystems, we may be cheating
ourselves into believing we are conserving natural communities (Hecht
and Nickerson 1999). Early detection and active management to reduce
predation or predation risk may be important for the maintenance or
recovery of some species. For small or severely declining populations, the
best hedge is to increase numbers? as quickly as possible and to reduce
variability in productivity and survival rates (Hecht and Nickerson 1999).

Conflicts occur when predators adversely affect desired prey species’
populations below management objective levels established by the
responsible wildlife management agency. Predation may affect adult
survival, neonatal survival and recruitment or nesting success. Completely
understanding predation, ecological factors and predation effects is not an
exact science, and in most cases negative effects are inferred from
observations of prey populations. Predation management therefore
addresses the observed conflicts in relation to agency management
objectives or recovery goals.

Many wildlife management agencies have established policy which
allows predation management to: 1) protect critical wildlife management
areas (e.g., waterfowl management areas), 2) support reintroductions of
native wildlife, and 3) protect seriously depressed wildlife populations.

2 Habitat restoration and species restoration may be the final goal of management agencies

but most habitat restoration projects take many years, if not decades to complete.
Depredation management could insure that depressed prey species populations remain
viable on desired habitats or in selected areas.
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Management strategies designed to protect these resources may vary and
may be related to observations of prey species’ populations.

11.3 Predator-prey relationships

Habitat carrying capacity (K) is an important concept with many
implications to evaluating predation, predator-prey relationships and need
for predation management. For purposes of game and range management,
K is usually defined as the maximum population of a given species that
can be supported in a defined habitat without permanently impairing the
productivity of that habitat. The K of an area is usually defined by limiting
factors, such as water, vegetation, and cover. Biological studies of
population change typically demonstrate that once the K of an ecosystem
is exceeded, a crash or collapse of the population follows associated with
environmental degradation. K, to this point, generally has not considered
the impact or secondary effects that predators can have on prey and/or that
K can be a “fluid” component of the environment depending on the
influence that weather, vegetation and predators can have on a prey species
in the area.

Ballard et al. (2001) described four current predator-prey relationship
models with emphasis on mule deer (Odocoileus hemionus). In brief, these
models are: 1) low density equilibria, 2) multiple stable states, 3) stable-
limit cycles, and 4) recurrent fluctuations. In each of these models, the
relationship between predator and prey is examined in relation to prey and
vegetative K. In each model, predation is considered regulatory at low
population levels® (low in relation to K) and non-regulatory as populations
near K*. Less obvious, however, is restricted use of habitat by prey species
due to the risk of predation (Hoban 1990). For simplicity, the authors
assume that without the influence of predators, wildlife populations
occupy specific habitats because those are the habitats that provide their
life history requirements. However, if wildlife managers just evaluate K
and do not consider habitat availability, predation or predation risk
influences on prey species, their evaluations could be seriously flawed.

In addition to the primary negative effects of predation (i.e., how many
of the affected prey species are directly killed by predators), there is a
growing body of evidence that points to significant secondary effects of

3 When populations are below K, each mortality adds to total mortality and mortality

factors are termed additive.

4 At K, mortality factors are compensatory (i.e., they replace each other so that total

mortality remains constant).
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predation (Wehausen 1996, Pitt 1999, Ripple and Larsen 2000, Ripple et
al. 2001, Barber et al. 2004, Preisser et al. 2005). Secondary effects in this
context are negative effects to prey populations because of species
“displacement” or antipredator behavior in prey (i.e., predators cause
adaptive shifts in prey through shifts in behavior or occupied habitats)
caused by predators (Morse 1980, Edwards 1983, Risenhoover and Bailey
1985, Lima et al. 1985, Ferguson et al. 1988, Hoban 1990, Lima and Dill
1990, Schmitz et al. 1997, Pitt 1999, Kie 1999) or the risk from predators
(Creel et al. 2005). Secondary predation can be thought of as a trade-off by
prey to reduce predation risks, but possibly at the expense of utilizing more
favorable foraging or cover habitat, shifting daily activities, reduced
reproductive success or other life history requirements (Burk 1982, Lima
and Dill 1990, Hecht and Nickerson 1999, Ballard et al. 2001, Preisser et
al. 2005). A secondary effect of predation or predation risk could be the
restriction of range utilization by prey species to areas adjacent to escape
terrain/cover (Bergerud et al. 1983, Bergerud and Page 1987, Wehausen
1996, Bleich et al. 1997, Bleich et al. 1997, Kunkel and Pletsher 2000,
Creel and Winnie 2005, Creel et al. 2005), interspecific competition with
other prey species (Gill et al. 2001) and distribution of prey over their
range (Messier and Barrette 1985, Molvar and Bowyer 1994). The
behavioral response to predation or predation risk may result in reduced
nutrient intake and lower offspring survival in prey species which can lead
to a population decline or an animal in poor condition which may choose a
foraging strategy more risky than an animal that is well fed (Skogland
1991a, Bliech et al. 1997).

Another consideration of secondary predation and the distribution of
prey populations (i.e., herbivores) is the movement of prey species onto
private lands (Gude and Garrott 2003) and the resultant grazing patterns
(i.e., effects on plants) (Schmitz et al. 1997, Ripple and Larsen 2000,
Ripple et al. 2001).

Morgantini and Hudson (1985) reported that undisturbed elk (Cervus
elaphus canadensis) in Alberta, Canada preferred grazing to browsing but
avoided open grasslands during hunting seasons (i.e., predation risk). Wolf
restoration in Yellowstone National Park (YNP) has provided a unique
opportunity to examine gray wolf (Canis Ilupus) predation risks and
predation effects in a well-studied environment. For example, elk
intensively occupied riparian and aspen habitats in YPN prior to wolf
introductions however, following wolf reintroductions increased aspen
regeneration in the Lamar Valley was noted, ostensibly because of reduced
elk use of meadow habitat due to the risk of predation (Ripple and Larsen
2000, Ripple et al. 2001).
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To further bolster this observation, Gude and Garrott (2003), Gude et al.
(2005) and Creel and Winnie (2005) reported that after a successful wolf
predation event or human hunting, elk moved from the area or few elk
resided in open areas. Gude and Garrott (2003) reported elk were found in
smaller groups sizes and their distribution was different (i.e., smaller elk
herds generally sought out areas with more dense vegetation for cover).
Creel and Winnie (2005) found that elk group size was also smaller and
elk were closer to or in cover when wolves were detected and that hunting
success outside of YPN was impacted because of behavior changes in elk
from wolves. Creel et al. (2005) stated that when wolves were present or
detected, elk moved into the protective cover of wooded areas and reduced
their use of preferred grassland portion of their habitat. In addition, Mech
(1977) suggested that temporal and spatial availability of prey also
influences predator-prey relationships. In Minnesota, white-tailed deer
(Odocoileus virginianus) use buffer zones between gray wolf packs, which
wolves avoid to prevent intraspecific strife with neighboring packs.

Hamlin (2005) reported on several study areas in Montana where the
combination of changed elk distribution and behavior caused “indirect”
population level effects in elk because of predation risk. Morgantini and
Hudson (1985) concluded that special winter hunting seasons cause a
major shift in diet selection and that this shift resulted in lower diet
digestibility and that it is reasonable to assume that during severe winters,
when digestible energy is limiting, a decrease of dietary concentration
would have a negative impact on the welfare of elk populations in west-
central Alberta. In addition, along with a possible negative impact on the
welfare of elk, competition between elk and mule deer for browse,
particularly in winter, could have a negative impact on deer populations
(Keegan and Wakeling 2003).

In most of these areas, concurrent predation rate studies do not implicate
direct predation by wolves as a cause for decline in the elk or mule deer
herds. However, if elk are using the habitat in a different manner (i.e., elk
are using only a portion of the habitat with lower K) the secondary effect
of predation may cause a decline in the herd (Hamlin 2005). Thus, it
appears that predation and predation risk (i.e., secondary predation) affects
elk distribution and possibly abundance, and possibly browsing species
like mule deer.

Wehausen (1996) and Hayes et al. (2000) examined mortality patterns
of bighorn sheep (Ovis canadensis). Their results indicate that even a small
number of mountain lions (Puma concolor) may effect bighorn sheep
survival, and population-level impacts may be exacerbated if adult female
sheep are heavily preyed upon or displaced into less optimal habitat.
Wehausen (1996) believed mountain lion predation was responsible for
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behavioral changes and winter range abandonment and a subsequent
population crash of bighorn sheep in the Sierra Nevada. The bighorn
population decline appeared to result from the indirect effects of mountain
lion predation because of habitat selection by bighorn sheep due to
predator avoidance behavior. Fecal nitrogen levels of bighorn sheep were
higher before their winter range abandonment, suggesting that the sheep
maintained higher nutritional levels and reproductive success when they
seasonally migrated to their winter range. The reduced vigor of the bighorn
sheep herd was attributed to direct predation by mountain lions plus the
reduced survival and recruitment based on habitat selection (i.e., a
secondary predation impact).

Hayes et al. (2000) suggested population-level effects were exacerbated
when mountain lions killed reproductive-age females and their offspring.
Sustained high levels of mountain lion predation apparently impeded
recovery of the Peninsular Range sheep population in California. Bighorn
sheep distribution and the numbers that their ranges support are dependent
on the assortment of predators that confine them to those ranges (Wishart
2000).

Edwards (1983), Ferguson et al. (1988) and Kie (1999) suggest that
some larger prey species modify their behavior and occupy habitats with
poorer quality forage to avoid predators. Edwards (1983) further states
that, “Although a direct link between nutritional status and reproductive
rate has not been demonstrated for moose, indirect evidence suggests that
poor diet may increase mortality or lower reproductive success.”
Robinette et al. (1955) and Julander et al. (1966) reported reproductive
success in mule deer is directly related to the quality of summer forage.
Ferguson et al. (1988) suggested that both male and female caribou
(Rangifer tarandus) will sacrifice high quality forage and phytomass on a
year-round basis to avoid a high risk environment even though, in some
winters, the animals, especially the calves face starvation.

Secondary impacts may exist for any predator/prey relationship. West
(2002) reported on predator exclusion fencing for waterfowl protection on
Bear River Refuge in northern Utah. Prior to his investigations, waterfowl
failed to initiate nesting on upland sites purchased and set aside for
nesting. Within the mammalian exclusion fences, ducks initiated nesting at
a rate up to one nest/2 acres, indicating that the risk of predation was
affecting nesting habitat selection by the birds.
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11.4 Habitat v. predators

Several research projects (Hornocker 1970, Bartmann et al. 1992, O’Brien
et al 2005) examined predation impacts juxtaposed with habitat impacts.
Other reviews (Ballard et al. 2001, Gill et al. 2001) reported that habitat
plays more of a role than predators. In most cases, the assessment of
predation impacts is limited to primary impacts. When the potential for
secondary predation impacts is considered, it is difficult to assess whether
predation or habitat are limiting, since one influences the other.

Habitat can be limiting and habitat management is necessary. The
authors believe that habitat management is a process and not a goal for
management agencies. Once habitat is manipulated it progresses towards a
climax vegetative community. Wildlife biologists and landowners must
commit to habitat management on a continual basis to meet the diverse
needs of multiple wildlife species and humans.

Because habitat management is necessary, because predators can affect
habitat selection and use and because predation management can benefit
habitat projects, it is inappropriate to look at issues as “habitat v.
predators.” Predation management can play a role in assisting species
within the confines of existing habitat and habitat management provides
habitat for the future.

11.5 Predation and management effects

The authors recognize that predation may not be the limiting factor for all
declining wildlife populations and other factors such as poor habitat
quality, drought, disease, etc. may play a role in limiting populations.
There are studies which indicate that predation is not the cause of prey
population declines. However, there are numerous research studies which
detail negative prey population impacts from predators. In fact, both cases
may be true, although not at the same time in the same area for the same
predator-prey relationship. The literature reviewed herein is meant only to
provide examples of some documented predator-prey relationships and not
as a comprehensive review of the literature on predation or other factors
that may regulate prey populations. With an adaptive management
approach to resource management, actual effects will be inferred and
mitigated as they are observed.

Research data has shown that predation management has the potential to
benefit populations of both game and non-game wildlife populations.
Numerous, scientific reviews (Connolly 1978; Sinclair 1991; Skogland
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1991b; Ballard et al. 2001) examined the role of predation as a regulator of
prey populations and found a variety of effects. Connolly (1978) reviewed
the effects of predation on ungulates, and stated that a selective review of
the literature could reinforce almost any view on the role of predation. He
concluded, however, that predators acting in concert with weather, disease,
and habitat changes could have important effects on prey numbers. Since
Connolly’s (1978) review, scientists have continued to debate whether
predation is a significant regulating factor on ungulate populations
(Messier 1991; Sinclair 1991; Skogland 1991b; Boutin 1992; Van
Ballenberghe and Ballard 1994).

Predation on game species, however, is well documented and can
adversely affect survival and recruitment of individuals into a population.
Under certain conditions, predators have been documented as having a
significant adverse effect on deer, pronghorn antelope (Antilocapra
americana), bighorn sheep, game bird populations and threatened and
endangered (T/E) species, and this predation is not necessarily limited to
sick or inferior animals (Pimlott 1970; Bartush 1978; USDI 1978, 1995;
Hamlin et al. 1984; Neff et al. 1985; Wehausen 1996). Conversely, a lack
of predator damage management could adversely affect certain species
(Connolly 1978; Schmidt 1986). In addition, predation management
undertaken to protect livestock can augment wildlife management
objectives set by state wildlife commissions or management agencies and
by the U.S. Fish and Wildlife Service (USFWS) regarding T/E species.

Ballard et al. (2001) summarized predation impacts to prey, reviewed
studies primarily conducted since the mid-1970’s and made
recommendations where predation management may be beneficial to deer
populations. They note that similarities existed in studies where predation
management was effective, including predation management being
implemented when: 1) deer populations were below K, 2) predation had
been identified as a limiting factor, 3) predation management reduced
predator populations enough to be effective, 4) predation management
efforts were timed just prior to reproduction of predator or prey species,
and 5) efforts were targeted at a focused scale. Conversely, predation
management was not effective when deer populations were at or near K,
when predation was not a limiting factor, where predator populations were
not effectively reduced and where efforts were conducted on too large or
too small a scale.



Predation impacts and management strategies 229

11.5.1 Deer

As noted above, the scientific literature can be divided on the effects of
predators on deer populations. Some recent studies (Gill et al. 2001)
identified nutritional or disease problems affecting fawn survival and
recruitment. However, many other studies have identified predation as an
important cause of mortality, especially to newborn fawns. Hamlin et al.
(1984) in a study of mule deer fawn mortality in Montana observed that a
minimum of 90% of the summer mortality of fawns was a result of coyote
(Canis latrans) predation. Trainer et al. (1981) reported that heavy
mortality of mule deer fawns during late fall and winter was limiting the
ability of the deer population to maintain or increase itself (i.e.,
recruitment) in Oregon. Their study concluded that predation, primarily by
coyotes, was the major cause for low fawn crops on Steens Mountain in
Oregon. Garner (1976), Garner et al. (1976), and Bartush (1978)
determined the mortality of radio-collared white-tailed deer fawns in the
Wichita Mountains of Oklahoma to be 87.9 to 89.6% with predators being
responsible for 88.4 to 96.6% of the mortality. Garner (1976) further stated
that inter-specific behavioral observations indicated that coyotes may find
fawns by searching near single does. Beasom (1974) stated that predators
were responsible for 74% and 61% of the fawn mortality for two
consecutive years on his study area. Teer et al. (1991) documented that
coyote diets contain nearly 90% deer during May and June. They
concluded from work conducted at the Welder Wildlife Refuge, Texas
that, "Unequivocally coyotes take a large portion of the fawns each year
during the first few weeks of life.” Cook et al. (1971) stated that,
"Apparently, the neonatal period is a critical one in the life" of white-
tailed deer. Remains of 4 to 8 week old fawns were also common in coyote
scats (feces) in studies from Steele (1969), Cook et al. (1971), Holle
(1977), Litvaitis (1978), Litvaitis and Shaw (1980). Other researchers have
also observed that coyotes are responsible for the majority of fawn
mortality during the first few weeks of life (Knowlton 1964; White 1967;
Cook et al. 1971; Salwasser 1976; Trainer et al. 1981).

Mackie et al. (1976) documented high winter losses of mule deer due to
coyote predation in north-central Montana and stated that coyotes were the
cause of most overwinter deer mortalities. Mackie et al. (1976) suggested
that predation by coyotes ranked high as a probable cause of loss of mule
deer fawns in the fall, while direct evidence of coyote predation during
winter suggested this to be the proximal cause in the loss of fawn and adult
mule and white-tailed deer. During other studies, designed to examine the
impact of coyote predation on deer recruitment or coyote food habits,
similar observations were noted (Steele 1969; Cook et al. 1971; Holle
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1977, Litvaitis 1978; Litvaitis and Shaw 1980). Bates and Welch (1999),
in Utah, state that coyote and black bear (Ursus americanus) predation on
fawns could be significant and slowed recovery of already depressed deer
herds. They further state, that research showed mule deer to be the
principal prey item of mountain lions and suggested mountain lion
predation could contribute to slow recovery of depressed prey populations.

Guthery and Beasom (1977) demonstrated that after coyote predation
management, deer fawn production was 70% greater after the first year and
43% greater after the second year on their study area. Stout (1982)
increased deer production on three areas in Oklahoma by 262%, 92%, and
167% the first summer following coyote predation management and
increased production 154% overall for the three areas. Mule deer fawn
survival was significantly increased and more consistent inside a predator-
free enclosure in Arizona (LeCount 1977; Smith and LeCount 1976;
Arizona Department Game and Fish 2004). Garner (1976), Garner et al.
(1976), LeCount (1977), and Teer et al. (1991) stated that predation
management may increase annual deer recruitment and survivability, but
that impacts from other causes (e.g., drought, disease, hunting, livestock
grazing, etc.) play a major role in achieving management objectives.
Knowlton and Stoddart (1992) reviewed deer productivity data from the
Welder Wildlife Refuge following coyote predation management. Deer
densities tripled compared with those outside the enclosure, but without
harvest management, ultimately returned to original densities due
primarily to malnutrition and parasitism.

11.5.2 Pronghorn antelope

More than five decades ago, Jones (1949) believed that coyote predation
was the main limiting factor of pronghorn antelope in Texas. More
recently, Neff and Woolsey (1979, 1980) determined that coyote predation
on pronghorn antelope fawns was the primary factor causing fawn
mortality and low pronghorn antelope densities on Anderson Mesa,
Arizona. Neff et al. (1985) concluded from a 5-year radio telemetry study
that most of the coyotes that killed pronghorn antelope fawns on Anderson
Mesa were residents. This means that most of the depredating coyotes
were present on the fawning grounds during fawning times. A 6-year radio
telemetry study of pronghorn antelope in western Utah showed that 83% of
all fawn mortality was attributed to predation (Beale and Smith 1973).
Trainer et al. (1983) concluded that predation was the leading cause of
pronghorn antelope fawn loss, accounting for 91% of the mortalities that
occurred during a 1981-82 study in southeastern Oregon. They also stated



Predation impacts and management strategies 231

that most pronghorn antelope fawns were killed by coyotes and that known
probable coyote kills comprised 60% of fawn mortality. Coyote predation
was a leading cause of antelope fawn mortality on the National Bison
Range (NBR) at Moiese, Montana (Byers 1997). Major losses of
pronghorn antelope fawns to predators have also been reported from other
radio telemetry studies (Barrett 1978; Beale 1978; Bodie 1978; Von
Gunten 1978; Tucker and Garner 1980).

Arrington and Edwards (1951) observed that following coyote predation
management in Arizona, an increase in pronghorn antelope populations
occurred to the point where antelope were again huntable, whereas on
areas without coyote predation management this increase was not noted.
Coyote predation management on Anderson Mesa, Arizona increased the
herd from 115 animals to 350 in 3 years, and peaked at 481 animals in
1971 (Neff et al. 1985). After coyote predation management was
discontinued, the pronghorn antelope fawn survival dropped to only 14 and
7 fawns/100 does in 1973 and 1979, respectively. Initiation of another
coyote predation management program began with the removal of an
estimated 22% of the coyote population in 1981, 28% in 1982, and 29% in
1983. As a result, fawn production increased from a low of 7 fawns/100
does in 1979 to 69 and 67 fawns/100 does in 1982 and 1983, respectively.
Antelope population surveys on Anderson Mesa conducted in 1983
indicated a population of 1,008 antelope, exceeding 1,000 animals for the
first time since 1960. In addition, a study in southeastern Oregon
documented that in 1985, 1986 and 1987 an estimated reduction of 24%,
48%, and 58% of the spring coyote population on the study area resulted in
an increase in antelope fawns from 4 fawns/100 does in 1984 to 34, 71,
and 84 fawns/100 does in 1985, 1986, and 1987, respectively (Willis et al.
1993).

The USFWS and O’Gara (1994) conducted an aerial gunning operation
on the NBR in 1985 that resulted in an increase in antelope fawn survival
for several years and eventually dropped in subsequent years. Limited
aerial gunning of coyotes was again conducted on the NBR in 1992 and in
1993 primarily on the bighorn sheep range for the protection of lambs and
to a lesser degree on the adjacent pronghorn antelope habitat. However,
these aerial gunning operations were conducted after coyotes had denned
and very little follow-up coyote predation management was conducted
during the crucial period of pronghorn antelope fawning and bighorn
lambing. The autumn pronghorn antelope fawn survival was 8.2 fawns/100
does in 1992, dropping to 1.8 fawns/100 does in 1993 and 11.3 fawns/100
does in 1994. In 1995, Wildlife Services (WS) conducted a limited aerial
gunning operation before most coyote denning activity and followed up
with limited ground predation management to remove coyotes in bighorn
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sheep habitats during lambing and in antelope fawning areas during the
fawning period. The autumn antelope fawn survival for 1995 was 87.5
fawns/100 does and the best survival of twins that had ever been
documented on the NBR. Similar observations of improved pronghorn
antelope fawn survival and population increases following coyote
predation management have been reported by Riter (1941), Udy (1953),
and Hailey (1979).

Coyote predation management for the protection of pronghorn antelope
is also cost effective in pronghorn antelope management as shown by
Smith et al. (1986).

11.5.3 Sage grouse

Sage grouse (Centrocercus urophasianus) populations have declined
throughout much of the western United States during the last several
decades due to a variety of environmental factors (Connelly and Braun
1997). Sage grouse populations occupying habitats that are highly
fragmented or in poor ecological condition may exhibit relatively low nest
success, low juvenile recruitment, and poor adult survival that may be
related to increased predation (Gregg 1991). Populations of some of the
most important prairie grouse predators have increased dramatically during
the last 100 years, and even in areas of good habitat, predator populations
can be so abundant that habitat alone may not suffice to allow grouse
populations to increase (Bergerud 1988). Schroeder and Baydack (2001)
suggested that as habitats become more fragmented and populations of
prairie grouse become more threatened, it becomes more important to
consider predation management as a potential management tool. Because
deteriorated sagebrush (Artemisia spp.) habitats may take 15-30 years to
recover, a predation management strategy that effectively increases nesting
success and juvenile survival may be useful to offset some of the negative
effects of poorer habitat. This approach might also allow a more rapid
recovery of grouse populations following habitat recovery. In a survey of
United States public attitudes regarding predators and their management to
enhance avian recruitment, Messmer et al. (1999) found that given
information suggesting predators are among the threats to a declining bird
population, the public generally supports using predation management for
the protection of bird populations.

Presnall and Wood (1953) documented an example of coyotes as
predators of sage grouse. In tracking a coyote approximately 5 miles to its
den in northern Colorado, they found evidence along the way that the
coyote had killed three adult sage grouse and destroyed a sage grouse nest.
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Examination of the stomach contents from an adult female coyote removed
the next day revealed parts of an adult sage hen plus six whole newly-
hatched sage grouse chicks. The area around the den was littered with sage
grouse bones and feathers. No other prey remains were found around the
den, and it appeared that the pups had been raised largely upon sage
grouse.

In southeastern Idaho, Burkepile et al. (2001) radio-marked 31 chicks
from 13 broods in 1999 and 44 chicks from 15 broods in 2000. Survival
estimates for 1999 and 2000 were only 15% and 18%, respectively.
Predators were responsible for 90% of the mortality in 1999 and 100% of
the mortality in 2000. Red fox (Vulpes vulpes) were believed to be one of
the primary chick predators, but predation was also confirmed by
unidentified avian and other mammalian predators as well. In Utah,
nesting success is not necessarily believed to be a limiting factor for sage
grouse (D. Mitchell, UDWR 2002 pers. comm.), but low chick survival
during the first 2-3 weeks after hatching has been identified as a
potentially limiting factor. Bunnell and Flinders (1999) also documented
significant predation by red fox on sage grouse in their study area in Utah,
and recently revised sage grouse management guidelines (Connelly et al.
2000) suggest that red fox populations should be discouraged in sage
grouse habitats. To the extent that red fox, coyotes, common ravens
(Corvus corax) and other predators which prey on chicks are also preying
on eggs, reducing the populations of these predators from sage grouse
nesting and early brood-rearing areas has the potential to benefit both
nesting success and chick survival.

Cote and Sutherland (1996) reviewed and analyzed the results from 20
published studies where predation management had been undertaken to
assess its effects on bird populations. Their analysis suggested that
predation management consistently had a large, positive effect on hatching
success and significantly increased autumn densities of the target bird
species. Their analysis also suggested that predation management did not
consistently result in increased breeding populations in the year following
management. They speculated that this might be due to the action of
density-dependence on avian populations, but noted that this has yet to be
documented and deserves further research. They further suggested the
possibility that predation management does in fact increase breeding
populations, but the increased breeding birds emigrate out of the area into
nearby areas where population monitoring or predation management may
not be occurring.

Keister and Willis (1986) suggested that the major factor in determining
sage grouse population levels in their study area in southeastern Oregon
was loss of nests and chicks during the first 3 weeks after hatching.
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Coyotes and ravens were suspected as the primary nest predators. A coyote
removal project was initiated on their study area, and sage grouse
productivity increased dramatically from 0.13 chicks/hen to 2.45
chicks/hen in just 3 years. Willis et al. (1993) analyzed data on sage grouse
and predator populations, weather, and habitat from an area of Oregon that
had some of the best sage grouse habitat in the state. The only meaningful
relationship they found was a significant negative correlation between
coyote abundance and the number of sage grouse chicks produced per hen.
They concluded that fluctuation in predator abundance was probably the
single most important factor affecting annual productivity of sage grouse
in their study area. Slater (2003) however, reported on the effects on sage
grouse of coyote removal for livestock protection in Wyoming. Despite
differences in predator abundance between study areas, no differences
were observed in nest predation rates. However, in Utah, predation
management specifically for sage grouse protection has greatly increased
adult grouse survival from mammalian predators in an ungrazed rangeland
site near Strawberry Reservoir (D. Mitchell, UDWR 2004 pers. comm.).

11.5.4 Ring-necked pheasants and turkeys

Dumke and Pils (1973) reported that ring-necked pheasant (Phasianus
colchicus) hens were especially prone to predation during their nest
incubation period. Trautman et al. (1974) examined the effects of
predation management on pheasant populations in South Dakota by
monitoring pheasant populations in similar 100 mi* areas with and without
predation management. They examined two variations of predation
management for 5 years, one targeting only red fox, and the other targeting
badger (Taxidea taxus), raccoon (Procyon lotor), striped skunks (Mephitis
mephitis) and red fox. They found pheasant densities were 19% and 132%
higher in predation management areas than in non-management areas
during fox removal and multiple predator species removal, respectively.
Chesness et al. (1968) examined the effects of predation management on
pheasant populations in paired treatment and non-treatment areas in
Minnesota during 3 years by targeting primarily nest predators, including
skunks, raccoons, and American crows (Corvus brachyrhynchos). They
reported a 36% hatching success in predation management areas versus a
16% hatching success in non-management areas, as well as higher clutch
sizes and chick production in management areas. Nohrenberg (1999)
investigated the effects of limited predation management on pheasant
populations on his study areas in southern Idaho and found consistently
higher pheasant survival and productivity in management areas as
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compared to similar non-management areas. Frey et al. (2003) reported on
the results of a 4-year study to protect ring-necked pheasants in Utah.
Predation management of red fox, striped skunk and raccoons resulted in
increased pheasant abundance on larger study sites (41.5 sq. km.) but not
on smaller study sites (10.4 sq. km.).

Thomas (1989) and Speake (1985) reported that predators were
responsible for more than 40% of nest failures of wild turkeys (Meleagris
gallopavo) in New Hampshire and Alabama, respectively. Everret et al.
(1980) reported that predators destroyed seven of eight nests on his study
area in northern Alabama. Lewis (1973) and Speake et al. (1985) reported
that predation was also the leading cause of mortality in turkey poults, and
Kurzejeski et al. (1987) reported in a radio-telemetry study that predation
was the leading cause of mortality in hens. Wakeling (1991) reported that
the leading natural cause of mortality among older turkeys was coyote
predation, with the highest mortality rate for adult females occurring in
winter. Other researchers report that hen predation is also high in spring
when hens are nesting and caring for poults (Speake et al. 1985,
Kurzejeski et al. 1987, Wakeling 1991). Williams et al. (1980) reported a
59% hatching success for turkeys prior to a predator poisoning campaign,
versus a 72% hatching success following a predator poisoning campaign.

11.5.5 Waterfowl

In a study of waterfowl nesting success in Canada, researchers found that
eggs in most nests were lost to predators such as red foxes, coyotes, striped
skunks, raccoons, Franklin’s ground squirrels (Spermophilus franklinii),
badgers, black-billed magpies (Pica pica) and American crows (Johnson et
al. 1988). Cowardin et al. (1985) determined that predation was by far the
most important cause of nest failure in mallards (4rnas platyrhynchos) on
their study area. Various studies have shown skunks and raccoons to be a
major waterfowl nest predator resulting in poor nesting success (Keith
1961; Urban 1970; Bandy 1965). On the Bear River Refuge in Utah,
striped skunks, red fox, raccoons and ravens were documented as common
predators of nesting ducks (West 2002).

In documenting an extensive study of the effects of red fox predation on
waterfowl in North Dakota, Sargeant et al. (1984) concluded that reducing
high levels of predation was necessary to increase waterfowl production.
Balser et al. (1968) determined that predation management resulted in 60%
greater production in waterfowl in areas with predation management as
compared to areas without management. He also recommended that when
conducting predation management, the entire complex of potential
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predators should be targeted or compensatory predation may occur by a
species not under management, a phenomena also observed by Greenwood
(1986). Rohwer et al. (1997) documented a 52% nesting success for upland
nesting ducks in an area receiving predation management, versus only a
6% nesting success in a similar non-treatment area. Garrettson and Rohwer
(1994) likewise documented dramatically higher duck nesting success in
areas where predation management occurred during the nesting season as
compared to areas where no management occurred, and noted that the
annual nature of predation management allowed for greater management
flexibility than most habitat management efforts.

11.6 Factors affecting predation rates

Within predator-prey relationships, a number of factors exist which can
influence predation rates and effects. In some cases prey population sizes,
trends and age structure are required to understand the effects of predators
on the prey community. Predators removing the same number of prey from
a small population as from a large population will not have the same
effect, just as the removal of juveniles or males may not have the same
population-level effects as removing the same number of adult,
reproductively viable females. However, the relative number of predators
or prey found in an area may not be the most important factor.
Additionally, these factors can work together to affect impacts to prey and
predator populations.

11.6.1 Habitat factors

Habitat loss/degradation, disease and other factors have resulted in
declines in many species throughout their ranges. To compound this threat
to, especially, T/E species, some predators have experienced unnatural
population increases as a result of human development, elimination of
natural predators, ecosystem imbalances, garbage, supplemental feeding,
and other factors.

Some components of habitat may make prey species more or less
vulnerable to predation. Some habitat is essentially linear in shape, cover is
reduced and edge is increased which makes the prey more vulnerable to
predators (Wilcove et al. 1986; Paton 1994). In linear habitats, predators
can more effectively search the habitat. Linear habitat includes dikes
constructed in waterfowl management areas, which serve as nesting
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habitat, and riparian corridors which are important for fawning and for
sage grouse brood rearing.

In desert environments, limited access to water (due to limited water
sources or drought) can concentrate predator and prey species in a limited
amount of habitat. Artificial water sources, some specifically built for
wildlife, may increase the suitability of habitat for prey but also predators.
Such may be the case with desert ranges where bighorn sheep existed at
low densities prior to construction of water catchment devices. Following
the creation of water sources, mountain lions may be sustainable in these
same areas and, without predation management, may impact sheep
populations (Wehusen 1996, Hayes et al. 2004). Water sources developed
for upland game have been visited by coyotes (R. Pope, Uinta National
Forest 2004 pers. comm.) and availability of water in desert environments
may sustain coyote populations through summer droughts thus increasing
predator abundance.

Fires or other open habitats, which can enhance habitat for some species
that depend on lower successional stages, can increase predation impacts
in the short-term (Pierce et al. 2004). Possible impacts from wildfires
include decreases hiding cover for prey, concentration of both predator and
prey species in smaller pockets of unburned habitat, and the removal of
rodent populations which serve as alternate prey.

There may be a correlation between drought and lower fawn survival
rates for mule deer and pronghorn antelope. The exact cause of this
correlation, however, has not been determined. Predation related impacts
may include reduced fawn weights (extending the period of vulnerability
of fawns), reduced cover for fawns, increased duration of feeding bouts
(increasing the risk of predation) and/or decreased alternative prey.
Regardless, drought is one recurring environmental factor which affects
habitat and can compound the impacts of predation.

While cover is essential for predation avoidance in some species (e.g.,
pheasants, ducks, deer fawns) excessive cover can be detrimental for other
species which rely on vision for predation detection. Pronghorn antelope
rely on sight to detect coyotes and other predators, and increases in
vegetation height can increase vulnerability to predation (Goldsmith 1990).
It has been reported that prairie dogs (Cynomys spp.), including Utah
prairie dogs (C. parvidens), also rely on sight for predator detection and
tall grasses, forbs and shrubs can increase predation (King 1955; Koford
1958; Slobodchikoff and Coast 1980).

Perches, including artificial perches such as power transmission lines,
can also increase predation by raptors or ravens (Coates, in press). Both
direct predation and nest predation by ravens may increase because of the
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presence of powerlines. Powerlines also provide nesting structures for
ravens and fragment habitat (Rowland 2004, Coates, in press).

Finally, availability of escape cover can affect predation effects. It is
generally accepted that rugged terrain provides escape habitat for bighorn
sheep to avoid being pursued by predators (Wishart 1978). Thick cover,
such as cattails (Typha spp.) and Phragmites australis provide escape
habitat for pheasants. A lack of escape cover can either increase predation
or cause otherwise suitable habitat to go unused (Risenhoover and Bailey
1985; Frey et al. 2003).

11.6.2 Prey factors

While predation helped to form prey species evolution, certain aspects of
prey populations make them more or less vulnerable to excessive predation
impacts.

Among other factors, depressed prey populations are vulnerable to
negative predation effects. It is generally accepted that predation effects
are compensatory mortality at or above K (Ballard et al. 2001) and additive
at some point below K. Populations may be depressed due to human
factors, environmental conditions or a combination. Depressed populations
in this context also include recently reintroduced populations, such as
black-footed ferrets (Mustela nigripes) or bighorn sheep.

Breeding synchrony, and thus synchronized births, influence predation
effects. “Flooding” predators with fawns or calves is an evolutationary
strategy to ensure that predators cannot kill all of the prey before they
outgrow their vulnerability to predation (Geist 1982). At high population
levels, prey populations can generally flood predator populations.
However, at low population levels predators can kill a larger percentage of
the fawns or calves, or if low male:female ratios exist, breeding can be
extended and births spread over a longer time period, increasing the
timeframe when prey species are vulnerable to predation impacts.

Group size and composition affect an individual’s vulnerability to
predation and may affect overall predation impacts if those individuals are
critical to the viability of the population. Hornocker (1970) noted that mule
deer bucks were more vulnerable to predation by mountain lions and
theorized it was because of smaller groups and more rugged terrain
inhabited by older bucks and mountain lions. Mooring et al. (2004) noted
similar risks for bighorn rams. Conversely, large groups can increase the
likelihood of predator detection and decrease the individual predation risk
for some species (Geist 1982).
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The availability of alternative prey can affect predation impacts in two
opposing directions. Alternative prey may support increased predator
populations and prevent decreases in predator numbers in a downward
cycle of the prey species of concern. Cunningham et al. (1995) and Shaw
(1989) noted that mountain lion populations supported by other prey did
not fluctuate with declines in mule deer populations. Cattle (Bos taurus)
(both domestic and feral) supported mountain lions in studies in Arizona
(Cunningham et al. 1995) and the availability of cattle increased mountain
lion impacts on deer (Shaw 1977). Wagner and Stoddart (1972) and Clark
(1972) noted that coyote populations increased with jack rabbit (Lepus
californicus) abundance in study areas in northern Utah and southeastern
Idaho and livestock predation increased during downward cycles in jack
rabbit populations. Presumably predation on mule deer or pronghorn fawns
would similarly increase, especially in the absence of livestock or other
prey as buffer. Conversely, when available, increased numbers of
alternative prey can diminish predation impacts on any one species,
mitigating some predation impacts (Connolly 1978). Predation on deer or
pronghorn antelope fawns may be lessened during upward cycles in rodent
and rabbit populations.

11.6.3 Predator factors

Just as habitat and prey factors affect predation impacts, prey may be
affected by characteristics in predator populations. In addition to simple
numbers of predators, other characteristics, such as a social structure of the
predator population, likely have a correlation with predation rates.

Breeding pairs of coyotes which have been on established territories for
several years have extensive knowledge of the territories and may be able
to impact fawns to a greater extent than a younger, newly established pair.
Wagner and Conover (1999) noted an apparent “residual effect” of
livestock protection in the year following intensive aerial coyote removal,
which may be explained by fewer experienced ‘“alpha” coyotes and
tenancy on the territory.

In livestock predation, the vast majority of domestic lamb (Ovis aries)
losses to coyotes are attributed to breeding (alpha) pairs (which represent
<50% of coyote populations) (Connolly et al. 1976; Gese and Grothe
1995; Bromley and Gese 2001). In wildlife predation, the authors suspect a
similar relationship may exist. Mule deer and pronghorn antelope fawns
and all ground nesting birds are vulnerable (and can be impacted) during
pup rearing periods for coyotes as a result of the increased food
requirements of raising young (Till 1983; Till and Knowlton 1992).
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Predator population demographics are critical to understanding
predation impacts. For example, in most systems coyotes do not breed
their first spring and form monogamous, territorial pairs during their
second year, with females first whelping on their second birthday (Bekoff
1978). In addition, coyotes are monestrous with only the dominant
breeding pair typically producing a single litter per territory each spring
(Kennelly and Johns 1976); beta females may also produce offspring but
this rarely occurs (Gese et al. 1996). Some researchers believe food
abundance regulates coyote numbers by influencing reproduction, survival,
dispersal, space-use patterns, and territorial density (Gier 1968; Knowlton
1972; Todd et al. 1981; Todd and Keith 1983; Mills and Knowlton 1991;
Gese et al. 1996). In contrast, Crabtree and Sheldon (1999) suggested that
litter size at birth (among coyotes) appears relatively invariant with respect
to changes in prey abundance, and that litter size at birth appears largely
unaffected by levels of human exploitation. Red fox breed their first year
and whelp on their first birthday (Creed 1960; Storm et al. 1976).
Essentially, in most systems there are significant numbers of non-breeding
coyotes in the population during the late winter and spring, while there are
practically no non-breeding red fox (Strom et al. 1976).

Some predator species are novel in the ecosystems they currently
occupy, and prey in these systems may not have evolved with adequate
defense strategies. For example, red fox and raccoons are considered
invasive in Utah. Raccoons can exist at high densities due, in part, to their
lack of territoriality, and artificial food sources (Twichell and Dill 1949;
Yeager and Rennels 1943; Urban 1970; Sonenshine and Winslow 1972;
Hoffman and Gottschang 1977; Rivest and Bergerson 1981).

Territoriality affects the density of predators and can affect predation
rates through population regulation. Raccoons and striped skunks do not
appear to be territorial and are regulated by food availability (Twichell and
Dill 1949; Yeager and Rennels 1943, Urban 1970, Sonenshine and
Winslow 1972, Hoffman and Gottschang 1977; Rivest and Bergeron 1981;
Rosatte 1987; Storm and Tzilkowski 1982). Red fox are territorial during
breeding, but can be compressed into very small territories if food is
readily available (Harris 1977; MacDonald and Newdick 1982; Harris and
Rayner 1986). Breeding coyotes are territorial with non-breeders existing
in spaces between territories or in unoccupied breeding territories (Bekoff
1978). Mountain lions are perhaps the most territorial and early studies
indicated that territoriality regulated mountain lion populations. More
recent studies suggest this is not the case and current studies have shown a
large degree of territory overlap (J. Hart, USGS 2005 pers. comm.).
Territories may exist as a breeding strategy or to limit access to food
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resources, and the degree to which territories overlap can also influence
overall predator abundance and predation rates.

Predator populations are often supported by prey other than the species
of concern, which allows them to exert increased impacts on recovering
populations. Mountain lion populations may be supported by elk
populations and cattle numbers (Shaw 1989; Cunningham et al. 1995).
Raven populations have increased range-wide since the late 1960°s (Sauer
et al. 2005) and are likely supported by anthropogenic food sources
(Coates in press). Additionally, only a portion of these increased raven
populations are breeding birds, while much of the population exists as non-
breeding “murders” which are not bound to a single territory during
nesting and brood rearing seasons (Goodwin 1986).

Individual behavior cannot be discounted as an operative mechanism for
predation impacts. Some mountain lions seem to specialize on bighorn
sheep and horse foals (Equus caballus) as principal prey and appear to
hunt them at disproportionally high rates (Turner et al. 1992; Wehausen
1996; Kamler et al. 2002; Mooring et al. 2004). Mooring et al. (2004) also
noted that some mountain lions also concentrate on elk, especially in late
winter and through calving season. Likewise, black bears appear to
concentrate on cervid calving areas and doubtlessly some bears specialize
on preying on cervid calves and fawns during a short period of the year
(Wilton 1984; Wilton et al. 1984).

Finally, the combination of predator species may have an increased
impact on a single resource. Predation or predation risk from bears, wolves
or mountain lions alone may not impact elk herds, but the complex of
predators may impact survival in some systems, particularly if different
predators impact prey at different stages. In Utah, coyote, mountain lion
and, in some areas, bears may collectively impact mule deer fawn survival.
Red fox predation management for sage grouse protection aided adult
grouse survival in Strawberry Valley, but chick:hen ratios remained
chronically low until raven removals were incorporated into the strategy (J.
Flinders, BYU 2005 pers. comm.).

As an example of the complexity of effects in multiple predator systems,
consider mountain lion predation on mule deer. Hornocker (1970) and
Logan and Sweanor (2001) indicated that mountain lions kill male deer in
excess of their abundance in the population while they kill female and
fawn deer in relative proportion to their abundance to each other. When
fawns are abundant, predation by mountain lions is distributed between
does and fawns and relatively few breeding age does are killed
(compensatory mortality). However, if coyotes or other predators reduce
fawn abundance, mountain lion predation increasingly becomes
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concentrated on adult does (additive mortality). This shift in mortality is
not predicated on the deer’s relationship to K and may happen at any level.

11.7 Specific strategies

11.7.1 Non-lethal strategies

Predation management does not necessarily mean only lethal predator
removal. Non-lethal strategies may include making habitat less attractive
to specific predator species, predator exclusion devices (i.e., fencing),
predator aversion techniques, live trapping and translocation and other
techniques. Each strategy, including lethal predator removal has strengths
and weaknesses that vary not only with the technique, but with the specific
application. It is important to note that non-lethal strategies are those
which are not directly lethal to the predator. However, some non-lethal
methods, such as making habitat less suitable or translocation may result in
mortality for predators that are forced to disperse or compete with resident
individuals for limited resources.

While numerous non-lethal strategies exist for livestock protection, few
have been identified for wildlife protection. Certainly, habitat
enhancement which increases K may be beneficial if it allows prey species
populations to increase by reducing density dependent predation. Habitat
improvements must be designed to preclude creating linear habitat,
creating perching habitat or other features that make prey more vulnerable
to predators. Further, habitat enhancement may take many years or
decades and significant financial commitments before it becomes attractive
and sufficient to support larger prey species populations.

Habitat enhancement to increase K is generally expensive and may not
address predation impacts. Predation management should be designed to
increase wildlife populations to the level of the current habitat and not to
artificially elevate prey populations above current habitat limits. Habitat
enhancement designed to address water or escape cover availability or to
mitigate for fire impacts may be beneficial by limiting negative predation
impacts. Habitat enhancement which reverses encroachment of junipers
(Juniperus spp.) or sage brush may not mitigate predation impacts. In fact,
if the design of the habitat project leaves isolated pockets of habitat, it may
exacerbate predation by making the habitat easier for the predators to hunt.

Of the features identified as prey factors above, only breeding
synchrony may be addressed as non-lethal predation management
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technique. Increased buck:doe ratios may increase breeding and fawning
synchrony and may limit predation impacts.

Factors identified as predator factors are most often addressed through
selective predator removal. In the case of endangered predators (i.e.,
Canada lynx (Lynx canadensis) or gray wolves), capture and translocation
may be a more appropriate management strategy, due to limited numbers
of the predator. However, for more common, non-listed predators,
selective lethal management may be the most cost-effective and
biologically sound strategy.

11.7.2 Mule deer protection strategies

Predation management for mule deer protection may be necessary when
mule deer populations are substantially below established management
objectives. Predation management may be implemented when populations
are depressed in relation to the objectives and the trend is stable to
declining. Fawn:doe ratios of less than 50:100 indicate recruitment is a
limiting factor in stabilizing the population. Because a complex of
predators may be impacting mule deer populations, mountain lion and
black bear harvest through sport hunting may also be implemented in an
area with a depressed deer population. Mountain lions appear to kill mule
deer does and fawns in relation to their relative abundance (Hornocker
1970; Logan and Sweanor 2001), so mountain lion predation may be
indicated by declining populations overall, but not in low fawn:doe ratios.
Black bears appear to concentrate on fawning areas and some bears appear
to specialize on preying on calves and fawns (Wilton 1984; Wilton et al.
1984). If predation is limiting recruitment, low fawn:doe ratios generally
indicate neonatal coyote predation (Connolly 1978).

As noted above, the authors believe territorial, breeding coyotes play a
disproportionate role in neonatal fawn predation due, in part, to their need
to provision pups during fawning season (Till 1982, Till and Knowlton
1992). Therefore, the current strategy is to remove breeding coyotes where
their territories overlap critical fawning grounds, preferably before
whelping. Aerial gunning during the coyote breeding season is more
selective for breeders where ground crews elicit howling and direct the
aircraft to responding coyotes; non-breeding coyotes generally do not howl
during this season (Gese and Ruff 1998).

Biologically, coyote populations may lend themselves to certain
management strategies. Gantz (1990) noted that breeding coyotes
remained on their mountainous territories during January-March even at
elevations above 7500 feet. Pair bonds are established in December and
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January, with breeding in late January through February. One coyote
predation management strategy is to remove coyotes after pair bonds are
established, but before whelping in late March and April. Tracking and
shooting coyotes from helicopters on high elevation fawning range
between January and March targets territorial coyotes whose territories
overlap fawning areas.

In desert ranges, fawning habitat may be described more by access to
water than by an elevation or geographical boundaries. In these areas,
removal of the territorial coyote pairs preying on deer, including fawns
using the same water sources is more critical than coyote removal in the
general area when deer populations are low and identified in need of
protection.

Ballard et al. (2001) recommended removal of 70% of the coyotes in an
area to be effective. The authors reject this as a requirement for addressing
primary predation impacts and point to effective livestock protection with
a much lower removal rate. If coyote removal was non-selective, removal
of 70% may be necessary to ensure removal of the breeding pairs.
However, with selectively targeting breeding coyotes (and dens in some
areas), removal of as little as 30% of the overall coyote population may be
adequate to protect fawns during their first 12 months of vulnerability.

The exception to this may be where secondary effects of predation keep
deer populations chronically below management objectives. If the
objective is realistically set based on K, increased predation management
may be necessary to allow more deer to survive through winter. In an
adaptive management strategy, if predation management on fawning range
does not appear to increase recruitment, additional or a different
management strategy may be necessary to address possible secondary
effects.

Coyote predation management will also need to deal with seasonal work
loads of field personnel. Ideally, coyote predation management should
begin in late December and continue through June. Management after
April 1 will likely be ground work as a follow-up to aerial gunning
because of the lack of snow; female coyotes are more sedentary with pups
and possible work load increase for field personnel. Because of the
quantity of management actions to be done, management may need to
begin in November, with follow-up flights or ground work to remove
breeding coyotes that re-occupy vacant territories.
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11.7.3 Pronghorn antelope protection strategies

Like deer, pronghorn antelope are more vulnerable during the first 1%
months of life and may be in need of protection if management objectives
are not being met. An exception would be predation on adult pronghorn
during drought (i.e., where coyotes and pronghorn may be concentrated
near limited water sources) or following a transplant effort, where adults
may be stressed or wander into areas where predator detection is limited.
Successful pronghormn protection projects have addressed only primary
predation impacts.

Exceptions aside, an effective strategy for pronghorn protection is to
remove breeding coyote pairs before whelping in April (pronghorn fawns
are born in May) and removal of 30% or less of the overall coyote
population is documented to be adequate to protect pronghorn fawns
during their first 12 months of vulnerability (Neff et al. 1985). Waiting
until female coyotes whelp can render management strategies less
effective. Removing only breeding males will likely result in limited
pronghorn protection as females will continue to provision pups. Field
observations indicate that coyotes concentrate near domestic cattle calving
pastures during calving, presumably because of the availability of cattle
placentas after birthing and vulnerable calves. Where calving pastures
overlap pronghorn antelope fawning areas, integrated predation
management will protect both resources, as cattle are generally born before
pronghorns and before coyotes whelping. Because pronghorn exist in open
habitat, fixed-wing aerial gunning is usually adequate, although some
ground efforts may be necessary in foothill areas or deep, brush filled
ravines.

11.7.4 Bighorn sheep protection strategies

In limited circumstances (i.e., transplanted populations) predation
management may be necessary to protect bighorn sheep populations,
especially where winter snow limits access to escape cover. In most
bighorn sheep populations, coyote predation does not limit bighorn sheep.
Mountain lions however, can exert significant predation pressure on
bighorn sheep, both primary predation and secondary effects in habitat
selection (Wehausen 1996). For example, some big horn sheep
management plans call for minimum viable population size of 125 sheep
(UDWR Statewide Management Plan for Bighorn Sheep 1999). Predation
management may be necessary if predation impacts a population below
that number or where little alternative prey exists.
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In some dessert sheep units, little alternative prey exist to support a
mountain lion (M. Bodenchuk, WS 2006 pers. comm.). In these areas, any
mountain lion existing in the area likely depends on bighorn sheep. When
it is determined that bighorn sheep in these areas are in need of protection,
any mountain lion found near the sheep should be considered for removal
since they could prey on and impact the local bighorn sheep population.
Mountain lion predation management may be implemented using trailing
hounds, foot or neck snares and, in limited areas, with helicopter aerial
gunning on fresh snow.

11.7.5 Sage grouse protection strategies

Sage grouse protection is an example of adaptive predation management.
In some areas that is no information to indicate that predation is negatively
affecting sage grouse populations. However, in many of these areas,
Wildlife Services conducts predation management for livestock protection
and these efforts must be considered part of the existing baseline. In other
areas, predation (either primary or secondary effects) is limiting sage
grouse populations (Bodenchuk 2006).

As an example, in the Strawberry Valley, Utah, sage grouse experienced
significant declines, despite the elimination of grazing in core habitat
areas. Red fox predation was identified as a significant cause of mortality,
and red fox predation management has reduced fox predation (Bunnell and
Flinders 1999). However, chick:hen ratios were not yet at objective and
raven predation management, using DRC-1339 treated eggs, significantly
reduced raven predation in the area (i.e., 90% reduction based on
transects). Chick:hen ratios then increased towards management objective
of 2:1 (R. Baxter, BYU 2005 pers. comm.).

One avenue remaining to investigate is the effect predation has on
expanding populations including primary and secondary effects in
dispersal habitat. Sage grouse populations typically inhabit large, unbroken
expanses of sagebrush (Rowland 2004). Predation or the risk of predation
in areas without active predation management may limit pioneering efforts
by birds, thus limiting use of habitat with otherwise adequate life history
requirements of the birds. An experimental predation management effort
may be justified in areas determined to have suitable habitat to see if the
birds colonize and re-establish populations in these areas.

Predation management may also be justified in some areas due to the
vulnerability of the populations. Gunnison’s sage grouse (Centrocercus
minimus) in San Juan County, Utah exist in only four known leks, and any
mortality may jeopardize these populations (San Juan County 2000).
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Further, predation management supports investments in habitat
improvement in these areas, as part of an adaptive management strategy
(Bodenchuk 2006). The costs of predation management (i.e., both
ecological and financial) may be less than the cost of detailed research
projects to scientifically evaluate if management is justified.

Where justified, predation management should address areas of suitable
habitat, especially areas within the nesting radius (i.e., 5 miles) of known
leks (Rowland 2004). Removal of red fox, adult coyote or badger would
reduce adult and nest predation by mammals and weekly treatment of
ravens using DRC-1339 treated eggs would reduce raven egg and chick
predation (Coates and Delehanty 2004). This predation management
strategy could effectively reduce both primary and secondary predation
effects and should be conducted from initiation of sage grouse breeding
through the end of June (Coates and Delehanty 2004).

11.7.6 Ring-necked pheasant protection strategies

Pheasants appear vulnerable in winter when concentrated in limited cover,
and through the nesting season. In large enough areas of habitat in Utah,
predation management before the nesting season doubled ring-necked
pheasant abundance (Frey et al. 2003). These efforts included removal of
striped skunks, raccoons and red fox. Residual effects of management
were noted on the 16.5 sq. mi. experimental areas for raccoon and striped
skunks (i.e., lower abundance), but red fox reoccupied these areas within a
year. However, pheasant populations remained higher in treatment areas
than in non-treatment areas one year after management actions were
terminated (T. Messmer, Utah State University 2003 pers. comm.).

Mammalian predation management was accomplished mostly by using
snares and traps, and with limited spotlight shooting from December
through June. While predation management was effective in increasing
pheasant abundance, and subsequently pheasant harvest, many areas that
pheasants inhabit are on private ownership and public access may be
limited.

11.7.7 Waterfowl and shore bird protection strategies

Significant populations of ducks, geese and shore birds use declining
wetland areas as nesting areas. For example, earlier reports indicated that
the Bear River Delta, Utah represents a significant source population for
American avocets (Recurvirostra americana) and cinnamon teal (Anas
cyanoptera), and prior to 1983, an estimated 80,000 ducklings were



248  Michael J. Bodenchuk and David J. Hayes

produced at Bear River Refuge (West 2002). Since the flood in the early
1980’s and subsequent habitat and water management modifications (i.e.,
creation of dikes, invasion of raccoons and red fox), few ducklings have
been produced (West 2002). To reverse this decline in productivity,
management strategies have focused on reducing red fox, raccoons and
striped skunks predation along nesting habitat from late March through
June.

Significant nest predation exists from ravens which can easily hunt
linear habitat and remove eggs (A. Trout, USFWS 2004 pers. comm.).
Nesting ravens at this time of year occupy territories and the authors
believe damage from these birds is limited. However, non-nesting ravens
make up a substantial portion of the raven population and these birds can
move between areas and effectively hunt nesting habitat (Goodwin 1986).
The Environmental Protection Agency registration label for DRC-1339
egg baits allows for protection of federally listed Threatened or
Endangered Species or other wildlife in need of special protection
(emphasis added). Raven predation management for the protection of
nesting shorebirds and waterfowl maybe effective using DRC-1339.

Implementing predation management prior to and through nesting
season addresses both primary and secondary effects. West (2002) noted
sharp increases in nesting as a result of predation management (i.e.,
protection from mammalian predators) indicating nest site selection may
be influenced by predation risk. Secondary predation effects (i.e., reduced
nest site availability) may be more limiting than primary effects, but a
strategy which addresses both primary and secondary predation would be
more effective for reaching waterfowl and shore bird recruitment
objectives.

11.7.8 Endangered and threatened species protection
strategies

Numerous examples exist for species that benefit from predation
management. Examples in the western United States include: Utah Prairie
dogs, desert tortoise (Gopherus agassizii) and black-footed ferrets. Other
examples are the five species of sea turtles that inhabit the Atlantic and
Gulf Coasts of the United States. These species include the: loggerhead
(Caretta caretta), green (Chelonia mydas), leatherback (Dermochelys
coriacea), hawksbill (Eretmochelys imbricata), and Kemp’s ridley
(Lepidochelys kempii). Additional there are seven subspecies of beach
mice that inhabit the Atlantic and Gulf Coasts of the United States that
could benefit from predation management.
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Utah prairie dogs, like other prairie dog species, are vulnerable during
translocation attempts and badger management is warranted through their
first summer (Coffen and Pederson 1993, Truett et al. 2001, K. McDonald,
UDWR 1997 pers. comm., B. Bonebreak, BLM 2005 pers. comm.).
Coyotes have also been noted in these areas and selective predation
management of coyotes may also be warranted (T. Bonzo, UDWR 2005
pers comm.). Coyote predation management may be accomplished through
aerial gunning but badger predation management would require the use of
conibear and foot-hold traps, neck snares (where the colony is fenced) and
spotlight shooting. Traps must be equipped with pan-tension devices when
set near prairie dog colonies to exclude prairie dogs and other lighter
weight non-target species (Turkowski et al. 1984; Phillips and Gruver
1996).

Young desert tortoise are vulnerable to raven and coyote predation
(USFWS 1990, F. Rowley, BLM 1987 pers comm.). Predation by ravens is
associated with nesting ravens, but proactive predation management in
Clark County, Nevada addresses all raven populations which are supported
by anthropogenic food sources (R. Beach, WS 2003 pers. comm.). Coyote
predation is primarily limited to juvenile tortoises and may be a factor in
April when tortoises are above ground and coyotes are provisioning pups
(G. Larson, WS unpubl. rep. 1988). Prior to the removal of livestock,
Wildlife Services conducted significant coyote predation management
projects in tortoise habitat.

Captive-bred, reintroduced populations of black-footed ferrets appear to
be vulnerable to predation (Colorado-Utah Black-footed Ferret Recovery
Working Team 2001), and in South Dakota the 30-day post release
survival rate without predation management was only about 30% while it
approached 80% with predation management in place (Badlands National
Park, unpubl. rep.).

In the cases above, predation management also provided biological
samples for disease monitoring which is critical for both prairie dog and
ferret reintroduction and recovery.

All turtle species listed are protected under the U. S. Endangered
Species Act, international agreements, and state laws. Heavy predations
from a variety of predators and other activities have significantly decreased
the breeding success of sea turtles. It has been determined that the most
significant predators of sea turtle nests are raccoons, red foxes, coyotes,
feral/free-ranging dogs (Canis familiaris), feral hogs (Sus scrofa), and
ghost crabs (Ocypode spp.). Recently, in some areas of the southwestern
Florida, coyotes have learned to excavate and feed on sea turtle eggs. The
nine-banded armadillo (Dasypus novemcinctus), has also been observed to
excavate and consume sea turtle eggs along some beaches; apparently, this
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is a new development in armadillo learned behavior. It has become critical
for the continued existence of these T/E sea turtles that nest predation is
actively monitored and predation management initiated.

Six federally listed T/E species of mice, two species of endangered rats,
and one species of endangered rabbit are found along the Florida’s coastal
regions and include the following: Perdido Key beach mouse (Peromyscus
polionotus trissyllepsis), Saint Andrews beach mouse (Peromyscus
polionotus peninsularis), Anastasia Island beach mouse (Peromyscus
polionotus  phasma), Choctawhatchee beach mouse (Peromyscus
polionotus allophrys), Key Largo cotton mouse (Peromyscus gossypinus
allapaticola), Key Largo Woodrat (Neotoma floridana smalli),
Southeastern beach mouse (Peromyscus polionotus niveiventris ), silver
rice rat (Oryzomys palustris natator), and the Lower Keys marsh rabbit
(Sylvilagus palustris hefneri). The suspected and potential predators of
these endangered mammals include feral/free-ranging house cats, bobcats
(Felis rufus), foxes, coyotes, feral/free-ranging dogs, black rats (Rattus
rattus), raccoons, skunks (Mephitis mephitis and Spilogale putorius),
armadillos, owls (Tytonidae and Strigidae), hawks (Accipitridae), great
blue herons (4rdea herodias) and snakes (Masticophis flagellum, Coluber
constrictor, and Elaphe spp.) (USFWS 1999).

In general big game protection objectives are to increase overall
recruitment in a specific area. However, T/E species protection is
conducted to establish populations, increase populations in specific areas
or protect newly recolonizing populations. It is considered inadequate to
remove a predator as it leaves a critical habitat or reintroduction area after
killing a reintroduced T/E species. Preventive predation management is
designed to be intensive in scope, but usually limited to a relatively small
area (i.e., reintroduction site) and usually for a short period of time (i.e.,
usually just prior to the release of a T/E species).

11.8 Conclusion

Biologists, researchers and academia will continue to debate whether
predation is a regulatory or a limiting factor (Sinclair 1991; Skoland
1991b; Boutin 1992; Van Ballenberghe and Ballard 1994), but to wildlife
managers, responsible for managing and maintaining wildlife populations,
the distinction between regulatory or limiting may not be obvious or of
great importance. Conditions that allow predation to become a factor
limiting recruitment are dynamic in natural ecosystems with a full
complement of predators which complicates management. Managers need
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to determine when most “mortalities” occur and whether primary
predation, secondary predation impacts, or other factors are an important
cause.

Further studies may be required to determine if secondary predation
effects are adversely affecting wildlife populations (Lima and Dill 1990)
as the secondary effects of predation are often difficult to observe and
understand. These studies may result in redefining “carrying capacity” as
currently used or better describe the role predators play in the utilization of
resources by prey species. While the models described by Ballard et al.
(2001) can incorporate secondary effects of predation, the secondary
effects would have the effect of lowering K based on the prey populations’
use of the habitat. Habitat is currently thought of as food, water, cover and
space. Interspecies relationships between predators and prey certainly
affect the availability of food, water, cover and space and may make
habitat availability more difficult for prey species to use and for managers
to interpret. If predators drastically influence prey behavior and displace
those prey into less optimal habitats or increase prey species energy
requirements, managers have a more difficult job and must consider the
secondary effects of predation to effectively manage wildlife populations
under their responsibility.

Managers are best served to approach predation management with an
open mind, remembering that the goal is active management and
conservation of wildlife. Reducing predation is sometimes a necessary
component of strategies to accomplish management or recovery objectives.
The best overall predation management strategy is an adaptive
management approach that monitors many factors, considers a full range
of predation management techniques, including nonlethal and lethal,
continually evaluates method potential and actual effectiveness, and makes
appropriate adjustments (USDA 1997).

Predation management is a critical component of wildlife management,
and when done in as targeted a manner as possible, can be accomplished
without negative environmental impacts. Predation management should be
designed as a component of an adaptive management strategy, considering
both non-lethal and lethal techniques, where populations are not meeting
objectives or recovery goals. The predation management strategy must
address the critical components (i.e., adult survival, recruitment, nest
success) identified by management as lacking in performance so that
management objectives can be reached or maintained as effectively as
possible.
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12 Invasive Predators: a synthesis of the past,
present, and future

“...if all the animals and plants of Great Britain were set free in New
Zealand, a multitude of British forms would over the course of time
become thoroughly naturalized there, and would exterminate many of the
natives.” Darwin 1872
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12.1 Abstract

Invasive predators have had devastating effects on species around the
world and their effects are increasing. Successful invasive predators
typically have a high reproductive rate, short generation times, a
generalized diet, and are small or secretive. However, the probability of a
successful invasion is also dependent on the qualities of the ecosystem
invaded. Ecosystems with a limited assemblage of native species are the
most susceptible to invasion provided that habitat and climate are
favorable. In addition, the number of invasion opportunities for a species
increases the likelihood that the species will successfully establish. The list
of routes of entry or pathways into many ecosystems continues to grow as
transportation of goods into even the remotest areas become common.
Species may enter new areas accidentally (e.g., hitchhikers on products) or
as intentional introductions (e.g., sport fish). Pet releases, either accidental
or intentional, are a growing area of concern as exotic pets become
common and the desire for new or different species grows. Several
invasive predators have had major effects on prey populations around the
world (e.g., black rats, feral cats, mongoose) or have had devastating
effects in isolated areas (e.g., brown treesnakes, Nile perch). Although
management of established species has been a priority, eradication has
been extremely difficult once a species has become widely distributed.
However, little resources are directed toward interdiction efforts, removing
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incipient populations, or preventing new introductions. The regulation of
animal movement in most countries and the inspection of products being
moved were not developed to protect native ecosystems. Thus, species
may be moved with relative ease between regions and countries. The most
cost effective approach to invasive species management is to prevent new
species from becoming established by providing funding for interdiction
efforts, research prior to a species becoming widespread, and restricting
the movement of species.

Keywords: Amphibians, birds, invasive species, fish, mammals,
management, predation, regulation, reptiles.

12.2 Introduction

Invasive species are species nonnative to a specific ecosystem that cause or
may cause ecological harm, negative economic effects, or harm to human
health and safety (National Invasive Species Council 2001). Although
some nonnative species may be viewed as beneficial (e.g., crops), many
have had dramatic effects on the ecosystems invaded. In particular,
invasive predators have had catastrophic effects on numerous species
during the past several hundred years (Savidge 1988; Witte et al. 1992;
Vitousek et al. 1996). These effects likely will increase as more predators
are moved, existing habitats are reduced, and the pressure placed on
ecosystems is increased. Each new predator introduced increases the
chances that additional species will be lost to extinction (Blackburn et al.
2004). This chapter is an attempt to synthesize the effects of invasive
predators on terrestrial ecosystems and to present the current status and
emerging trends. We have limited the chapter’s coverage to invasive
vertebrate predators because they are often overlooked, management may
be controversial due to competing interests, and their effects are increasing
worldwide (Simberloff 1996; Lockwood 1999).

In the last 200 years, many species have been decimated or reduced to
extinction by invasive predators, but in the last 30 years as transportation
to even the most remote location has become commonplace, the number of
invasive predators has increased and their effects are increasing
(Simberloff 1996; Mooney and Hobbs 2000; Long 2003). Successful
invasive predators generally share several common characteristics, beyond
being abundant, widespread, and tolerant of a wide range of abiotic
conditions (Lockwood 1999). They typically have a high reproductive rate
and short generation times so the populations can grow quickly and
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rebound from stochastic events (Lockwood 1999). They have a
generalized diet to take advantage of locally abundant resources and may
switch from preferred prey once prey becomes rare (Murdoch 1969). Prey
switching can ultimately lead to extinction of the preferred prey because
the predator population is no longer tied to the abundance of the preferred
prey (Murdoch 1969). Thus, predator numbers do not decrease as the
preferred prey numbers decrease because alternative prey populations
support the predator population. This has been observed several times with
invasive predators, such as brown treesnakes systematically eliminating
the avifauna of Guam (Savidge 1987). In addition, their effects go
undetected at first and they are easily transported because they are small or
secretive (e.g., snakes), they are ignored by local authorities as innocuous
(e.g., coqui frogs), they are purposefully moved or released (e.g., pets),
commensal with humans (e.g., rats) or there is resistance to control
measures (e.g., feral cats). This lack of understanding and detection allows
incipient populations to become established and makes eradication
difficult or impossible. Species that have all of these attributes tend to be
the most successful at colonizing new habitats (Lockwood 1999).

The probability of a successful invasion is also dependent on the
qualities of the ecosystem invaded (Simberloff and Von Holle 1999).
Beyond a suitable climate and habitat, ecosystems with a limited
assemblage of resident species are the most susceptible to invasion. The
lack of resident species decreases the number of potential competitors and
predators. Last but not least, the number of invasion opportunities for a
species increases the likelihood that the species will successfully establish.
Island ecosystems are more susceptible than mainland areas because they
have few predators or competitors, they have a lot of air and sea traffic,
and they typically provide a favorable climate for many species (Elton
1958, Simberloff 1995). The increased susceptibility of insular populations
to extinction compared to mainland areas has been clearly delineated.
Since 1600, 93 percent of the land and freshwater birds that have gone
extinct worldwide were insular forms (King 1985). In addition, predation
by invasive species is considered second only to habitat loss as the leading
cause of avian extinctions and declines on islands, with rats (Rattus spp.,
56%) and domestic cats (Felis catus, 26%) implicated in most avian
extinctions caused by invasive predators (King 1985; Griffin et al. 1989).
As remaining habitat patches mirror islands, invasive predators may have
similar effects.

The number of pathways invasive species may arrive is varied and
likely increasing. Generally, species are either accidentally or intentionally
transported. Accidental movements include hitchhikers on agricultural
products (e.g., brown treesnakes, coqui frogs) and pet escapes (e.g.,
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pythons and Nile monitors). Pet escapes or releases are especially
disconcerting because managers typically are not looking for species that
have such a low probability of detection and released populations may
remain tied to a particular location or semi-captive until the population is
well established. Much of the importation of exotic wildlife is due to the
enormous pet industry (Ruesink et al. 1995; Witmer and Lewis 2001).
Intentional releases include those that were intended to provide food for
people (e.g., feral pigs, bullfrogs), to combat other species (e.g.,
mongoose, feral cats, cattle egrets, cane toads), or for aesthetic or
recreational reasons (e.g., sport fish, feral pigs). Although many of the
intentional releases had altruistic intentions, some are for insidious or
financial reasons. Species smuggled and released for the pet trade are an -
increasing threat and difficult to prevent because heightened security
measures and the realignment of customs inspections are not focused on
invasive species.

12.3 Species profiles

Several species have become widely publicized for their overall effect as
invasive species or as successful invaders in multiple areas. Most of the
highlighted species were listed as the worst invasive predators by Lowe et
al. (2004) but three potentially predatory species on the list were not
included because they are not that widespread or their primary effects are
not from predation. Brushtail possums (Trichosurus vulpecula) do prey on
invertebrates and birds but their primary effects are as a disease vector and
herbivore (Clout and Ericksen 2000; Cowan 2001). The effects of common
mynah are as a nuisance and agricultural pest, although they may prey and
compete with native birds (Long 1981; Pell and Tideman 1997). The red-
eared slider (Trachemys scripta) has been introduced around the world
through the pet trade. These omnivorous turtles may compete with native
turtles, prey on invertebrates, forage on vegetation, and occasionally take
birds (Luiselli et al. 1997; Chen and Lue 1998). We added a few species to
highlight emerging issues; these include Burmese pythons, cattle egrets,
barn owls, and Nile monitors. Most invasive birds are not predators but
cause a myriad of agricultural and human health threats, however, these
two species (barn owls and cattle egrets) were included to highlight their
increasing range expansion and predation effects. Nile monitors and
Burmese pythons highlight the ever increasing problem of the pet trade in
establishing invasive species. The source of many of the new invasive
predators are from the pet trade where people release unwanted pets or
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attempt to naturalize them so they may breed in the wild and supply
demand (Ruesink et al. 1995; Cassey et al. 2004; Enge et al. 2004). In an
attempt to understand the effects of invasive predators and potential
problems with control efforts, we provide a brief summary of several
noteworthy species and attempts at control.

12.3.1 Mammals

Black rats

One of the most widespread and destructive predators is the black, ship or
roof rat (Rattus rattus), introduced around the world from the late 1600s to
1800s) (Long 2003). Black rats have become so ubiquitous and widespread
that little attention was paid to this species, whereas new invasions receive
more attention and eventually funding for research and control. Black rats
are arboreal and in addition to causing significant damage to plants, black
rats are efficient predators of many species, especially birds. A large
majority of the recorded vertebrate extinctions since 1600 have been on
islands and introduced mammals are responsible for the vast majority of
these extinctions (Groombridge 1992). Further, black rats have been
implicated in many of the documented extinction events, such as
honeycreepers in Hawaii, United States (Atkinson 1977), small mammals
in the Caribbean (Seidel and Franz 1994) land birds and a bat on Big South
Cape Island, New Zealand (Atkinson 2001), and several vertebrates and
invertebrates on Lord Howe Island (King 1985; Case and Bolger 1991).
Rats have been the most destructive invasive species accounting for losses
of numerous species around the world.

Numerous techniques have been developed to control rat populations
from introducing other predators, to trapping, to fencing, to a variety of
poisons. The introduction of other predators, such as mongoose, owls, or
cats have had little success and usually just increased the predation
pressure on native fauna. Trapping has had limited success in small areas
but rats are highly mobile and may become trap shy. Fencing options for
rats over large areas has not been used effectively until recently
(Clapperton and Day 2001). However, fences must be combined with other
techniques to initially remove rats. The most effective way to control or
eradicate rats has been with the use of toxicants, primarily anticoagulants.
During the last 15 years, efforts to eradicate rodents from islands have
increased and many successful eradication projects have been completed
using commercially available rodenticides (Myers et al. 2000; Atkinson
2001; Veitch and Clout 2002).
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Feral cats

Wild populations of domesticated cats are distributed throughout the
world, wherever humans are present (Long 2003). However, in areas with
reduced predator populations, feral cats often become the dominant
predator and often exist at much higher densities than native predators
(Van’t Woudt 1990). In the United States, the feral cat population has been
estimated at over 30 million and that these feral animals kill about 465
million birds per year (Pimental et al. 2000). Pimental et al. (2000)
estimated the value of those birds at $17 million. In the United Kingdom,
the feral cat population may exceed 5 million and kill as many as 70
million wild animals per year (Churcher and Lawton 1987). The diet of
feral and free-ranging cats varies depending on availability, abundance,
and geographic location. Foods may be naturally occurring, but also
include those made available by people, whether intentional or
unintentional (Long 2003). In a survey of New Zealand scientific
literature, Fitzgerald (1990) concluded that prey selection of feral and free-
ranging cats is dependent on availability. The author found that cats on
mainland situations fed most heavily on mammals; whereas, cats on
islands fed almost exclusively on birds (particularly seabirds). Feral and
free-ranging cats are known to prey on birds as large as mallard ducks
(Figley and VanDruff 1982) and young brown pelicans (Anderson et al.
1989) and mammals as large as hares and rabbits. Many of these cat
populations rely heavily on humans, either for handouts or waste food
stuffs, especially when prey populations are low.

Effects of predation on native species by feral cat populations are
widespread and significant (Whittaker 1998). Cats have been one of the
most important biological factors (excluding humans) causing the
depletion or extinction of both island and mainland bird species (Nogales
et al. 2004). In isolated environments such as islands, feral cats are directly
responsible for a number of extinctions and extirpations worldwide and
across multiple taxa (Towns et al. 1990; Veitch 2001; Long 2003). Jackson
(1978) reports cats as the most significant factor, next to habitat
destruction, contributing to the extinction of bird species. He reports that at
least 33 species have become extinct as a result of cat predation; most of
these are on islands.

Another significant problem created by cats is that they are reservoirs
and transmitters of various diseases and parasites to both domestic and
wild animal species, as well as to humans. Cats serve as reservoirs or hosts
for dermatomycoses, fleas, scabies, gram-positive bacterial infections, cat
scratch fever, distemper, histoplasmosis, leptospirosis, mumps, plague,
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rabies, ringworm, salmonellosis, toxoplasmosis, tularemia, and various
endo- and ecto-parasities (Warner 1984; Fitzwater 1994).

If feral cats are so destructive to wildlife, especially on islands, why is
there not a greater effort to control feral cat populations? The control of
feral cats is a very controversial area as many members of the public and
some advocacy groups are strong supporters of cats and are against the
killing of feral cats. These persons and groups often prefer the trap-neuter-
release approach to feral cat management (Castillo and Clarke 2003).
Some groups actually maintain feeding stations for feral cat colonies.
These more socially acceptable methods of cat control have had limited
success at reducing predation by feral cats, so most wildlife professionals
and governmental agencies advocate the strict control or elimination of
feral cat populations (Pech 2000; Parkes and Murphy 2002). The most
commonly used methods to control or eliminate feral cats were trapping
and shooting, although some countries also use toxic baits (Eason et al.
1992; Veitch 2001; Short et al. 2002; Wood et al. 2002; Hess et al. 2004).
Nogales et al. (2004) identified 48 successful eradication efforts on
islands. Most of these eradication efforts were on small unpopulated
islands where the cat population is closed and the number of nontarget
animals was low. In addition, seabirds can form extremely dense nesting
colonies and the removal of predators can have dramatic effects.

Mongoose

Small Indian mongooses (Herpestes javanicus, synonymous with H.
auropunctatus) were native to India, Pakistan, southern China, Java, Iran,
and Iraq (Corbet and Hill 1992). Mongooses were introduced to combat
rats in sugarcane fields during the late 1800s to early 1900s and snakes in
Asia (Gorman 1975; Sugimura et al. 2005). As sugarcane production
spread from the Caribbean and South America (Jamaica, Puerto Rico, and
Cuba, etc.), to the Pacific (Hawaiian and Fiji islands), and then to other
parts of the world, mongoose introductions followed (Nellis and Everard
1983; Long 2003). While they may kill some rodents, mongooses are
mainly diurnal whereas rats are mainly nocturnal. Hence, mongooses are
basically useless as a means of rodent damage control. Mongooses use
many habitats from forests to open grasslands and the edges of villages
and feed on a wide variety of vertebrate, invertebrate, and plant foods
(Nowak 1991). Mongoose proved to be ineffective at controlling rats but
were serious predators of native ground nesting birds, as well as other
vertebrate species (Gorman 1975; Tomich 1986). Mongooses have been
implicated in the demise of ground nesting birds and ground nesting bird
reproduction has ceased in cases where mongooses are present (Baker and
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Russell 1979; Stone et al. 1994; Long 2003). In addition to the extinction
or local extirpation of ground nesting birds worldwide, they have been
implicated in the demise of frogs in Fiji, ground lizards and snakes on St.
Croix, turtles on St. John, and small mammals in Japan and Puerto Rico
(Seaman and Randall 1962; Gorman 1975; Nellis and Small 1983;
Coblentz and Coblentz 1985; Vilella 1998; Sugimura et al. 2004). The
successful reintroduction of endangered species where mongooses were
the primary predator has been dependent on eradication of mongooses on
select islands or in small areas (USFWS 1999). Beyond native wildlife,
mongooses may have a great effect on poultry production and are a
reservoir of rabies, leptospirosis and other diseases (Everard and Everard
1988; Pimental et al. 2000; Long 2003). Pimental et al. (2000) estimated
that the mongoose causes about $50 million in damages each year in
Hawaii and Puerto Rico alone.

Trapping and toxicant baits have been used in attempts to eradicate
mongoose or reduce high populations of mongooses near and around
native bird nesting habitats (Smith et al. 2000; Roy et al. 2002). Although
mongooses are easily trapped and are susceptible to several rodenticides,
mongoose eradication has proven extremely difficult with few successes
(Roy et al. 2002; Long 2003; Sugimura et al. 2004). If mongooses can be
eradicated locally, fences may be an option to prevent reinvasion
(Clapperton and Day 2001). Mongooses are long lived and have high
reproductive capacity with a gestation period of 42 days and 1-4 offspring
in each litter (Nowak 1991). Further, where mongooses have been
introduced, they have few predators or competitors to restrict populations.

Stoat or short-tailed weasel

The stoat (Mustela ermine) was native to northern parts of Eurasia and
North America and was recently introduced into New Zealand and has
spread to several offshore islands to control rabbits (King 1989). Although
invasive predators have already reduced many of New Zealand native
species, the stoat has had significant effects on kiwi and forest birds
(O’Donnell et al. 1996; Basse et al. 1999; McDonald and Murphy 2000).
The species differs from mongoose in that stoats are more arboreal than
the former and thus they may affect cavity nesting birds, as well as other
vertebrates (Basse et al. 1999). Techniques for stoat control remain similar
to mongoose control (Alterio et al. 1999; McDonald and Lariviere 2001)
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Red fox

The red fox (Vulpes vulpes) is native to a large part of the northern
hemisphere, but has been introduced to other parts of the world, notably
Australia and many islands such as the Aleutian Islands of the United
States (Long 2003). Their rapid range expansion throughout Australia was
probably facilitated by the large prey base provided by previously
introduced European rabbits. Foxes have been introduced for the fur
industry and for sport hunting. They were introduced to islands off of
Massachusetts (east coast of the United States) to control herring gull
colonies and was so successful that foxes died from lack of food (Kadlec
1971). Foxes are adaptable and can use a wide range of habitats. Foxes are
efficient predators, but will also consume fruit and vegetables. They prey
on a wide array of small mammals and birds, but also eggs, young
livestock and poultry, invertebrates, and carrion (Doncaster et al. 1990).
They also feed on crustaceans and fish (Witmer and Lewis 2001). They
have had substantial impacts on grounding nests bird populations, both in
seabird colonies on islands and game bird populations on mainland
situations (Witmer and Lewis 2001; Long 2003). In Australia, they have
been implicated in the decline of several species of native marsupials
(Kinnear et al.2002). Foxes also play a significant role in rabies epizootics
(Anderson et al.1981).

Red foxes are managed with a variety of methods, including trapping,
shooting, and poisonous baits. All of these methods were employed to
eradicate red foxes from most of the Aleutian Islands (Ebbert 2000).
Interestingly, a biological control method was successfully used on two
small islands that had introduced arctic fox populations. Sterilized red
foxes were put on those islands and the larger red foxes eliminated the
arctic foxes and then eventually died out (Ebbert 2000).

Feral pig

Pigs (Sus scrofa) originated in Eurasia, were domesticated as livestock,
and then moved around the world as an important food source (Long
2003). The lengthy list of introductions to continents and islands provided
by Long (2003) clearly suggest that pigs are one of the most widely
introduced mammalian species in the world. They were introduced to
Florida in 1539, but had been brought much earlier to the islands of
Hawaii and the West Indies (Long 2003). They have more recently been
introduced to areas for sport hunting (Witmer et al. 2003). Captive pigs
may escape captivity and successfully establish or supplement wild
populations (Witmer et al. 2003). In the United States, feral swine occur in
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over 23 states and their numbers are estimated to exceed 4 million (Seward
et al. 2004). They are the most abundant introduced ungulate in North
America and their populations continue to expand (Sweeney et al. 2003).
In addition to predation problems, feral pigs also cause substantial
environmental damage (Seward et al. 2004; Sweeney et al. 2003) and pose
significant disease hazards to livestock, humans, and wildlife (Witmer et
al. 2003).

Feral pigs are omnivorous and will feed on a very wide variety of foods,
both plant and animal (Henry and Conley 1972; Challies 1975; Seward et
al. 2004). Plant materials include grasses, forbs, leaves, roots, seeds,
shoots, fruits, and fungi. They also feed on a wide variety of cultivated
crops and can cause substantial crop losses. Animal materials include fish,
lizards, frogs, salamander, snakes, turtles, bird eggs and chicks, small
rodents and rabbits, fawns, and small livestock. They also feed on a wide
variety of invertebrates, including crabs, earthworms, leeches, snails,
slugs, grasshoppers, centipedes, beetles, and many other insects. This
broad range of foraging results in competition for food with wildlife (e.g.,
wild turkeys) and livestock, especially through the voracious consumption
of mast (e.g., acorns). Nest destruction of the nests and eggs of ground
nesting birds and sea turtles by feral pigs is significant in some areas
(Seward et al. 2004). Feral pigs cause substantial losses to lamb production
in Australia and in parts of the United States (California, Texas; Seward et
al. 2004). Feral pigs are responsible for reducing many plant and animal
populations resulting in these species being listed as endangered (Seward
et al. 2004). On islands to which they have been introduced, they threaten
ground-nesting seabirds, penguins, iguanas, and tortoises (Challies 1975;
Wiewandt 1977; Long 2003; Seward et al. 2004). In Florida, they have
destroyed up to 80% of sea turtle nests (Seward et al. 2004)

There were a variety of methods used to manage or eliminate feral pig
populations, although eradication is difficult (Seward et al. 2004; Sweeney
et al. 2003). Methods include trapping, shooting, pursuit with dogs, aerial
shooting, night shooting over bait piles, exclusion fencing, and the use of
toxicants. The use of toxicants is very limited in the United States because
of non-target hazards, but they have been used extensively in Australia
where there are many invasive mammals and nontarget hazards are
minimal. Research is needed in management techniques such as population
monitoring and oral delivery systems for disease vaccines, fertility control
agents, and toxicants (Sweeney et al. 2003).
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12.3.2 Birds

Cattle egret

The cattle egret (Bulbulcus ibis) was originally native to Africa, southern
Europe and eastward through southeastern Asia and northern Australia.
Prior to 1900, the species began an enormous range expansion and arrived
in South America in 1877 and in the United States in about 1941 (Telfair
1994). The species currently occurs throughout the continental United
States, South America, and somewhat into Canada. Cattle egrets were
introduced into Hawaii in 1959 to help control flies around homes and
cattle pastures; they were introduced to the Seychelles, Frigate, and Praslin
islands for the same reason (Long 1981). The species range continues to
expand, potentially throughout the Pacific basin. The birds are well
adapted to forage in grasslands occupied by large grazers. Human
conversion of large areas to livestock pasture has probably facilitated the
range expansion of cattle egrets. Cattle egrets also use urban-suburban
parks and aquatic habitats, although they are not dependent upon the latter.

Cattle egrets are voracious active foragers (Telfair 1994). They usually
feed in loose aggregations of 10 to 100 birds. They are opportunistic
feeders, feeding mainly on invertebrates including grasshoppers, crickets,
spiders, beetles, ticks, flies, moths, katydids, roaches, earthworms,
millipedes, centipedes, crayfish and may feed on prawns at aquaculture
facilities (Grubb 1976; Hancock and Elliott 1978; Telfair 1994). They will
also eat small vertebrates, including frogs, toads, lizards, snakes, mice, the
eggs and chicks of nesting birds, and even exhausted small migrant birds
along shorelines. In Hawaii, they prey upon native waterbird and seabird
chicks, including the native black-necked stilt (Stone and Anderson 1988).
When feeding their chicks, an adult egret can consume over 50% of its
body weight each day. These birds often forage near grazing livestock,
wild ungulates or by farm machinery. They often forage in newly plowed
or burned fields. They are often seen using the backs of large ungulates for
perches. These “hosts” make foraging by egrets much more efficient.
However, the cattle egret foraging strategy varies depending on the size of
prey they are focusing on and they are not reliant on the these “hosts” to
effectively forage (Grubb 1976). They have been known to scavenge food
in tern colonies and even force tern chicks to regurgitate for them. Because
of their voracious and diversified feeding habits, and because they forage
in sizable groups, cattle egrets could have impacts on the populations of
various native or endemic species but these effects have been poorly
documented. Additional problems caused by egrets include bird strike
hazards at airports because they forage in large groups in grasslands
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common to airports (Fellow and Paton 1988). Due to the continued range
expansion and movement of egrets, they may be ideal carriers of disease
organisms and large rookeries may be sanitation hazard near developed
areas.

A variety of methods can be used to move cattle egrets from areas they
are not wanted. These include shooting, harassment/scare devices,
trapping, netting and shooting (Fellow and Paton 1988; Telfair 1994).
Because cattle egrets are a migratory non-game bird, they receive
protection under state and federal laws at most locations and so control
options are limited.

Future research needs include a better understanding of interspecies
interactions and why certain areas are selected for foraging, and continued
study of parasites and potential disease transmission (Telfair 1994). A
quantification of their impacts on rare, endemic faunal species is needed
(Stone and Anderson 1988).

Barn owl

The barn owl (Tyto alba) is the most widespread of all owl species being
found on all continents except Antarctica (Marti 1992). It has been
introduced to various islands (Hawaii, Seychelles, St. Helena) and has
colonized other islands on its own (Long 1981). They were introduced to
Hawaii in 1958-1963 with the hope that they would control rats in
sugarcane plantations (Long 1981). Barn owls use a wide array of habitats,
especially grasslands and agricultural areas with nesting cavities nearby.
They will readily nest in many human structures.

Barn owls primarily feed on small mammals, bats, and some birds
(Speakman 1991; Marti 1992). Lizards and invertebrates are found only in
trace amounts in the diet. It is probably safe to assume that the diet is
variable, depending on prey species availability. For example, significant
predation on bats was noted in Bolivia and the British Isles (Speakman
1991; Vargas et al. 2002). They consume about 10% of their body weight
per day. Barn owls are known to prey on seabirds and probably compete
with Hawaii’s native short-eared owl and Hawaiian owl (Stone and
Anderson 1988). In the Seychelles, they preyed on numerous native birds,
especially fairy and bridled terns (Long 1981; Bowler et al.2002). A
successful barn owl control program has greatly reduced barn owl
predation since 1996 (Bowler et al.2002).

A variety of methods can be used to move barn owls from areas they are
not wanted. These include shooting, harassment/scare devices, trapping,
netting and shooting. Because barn owls are a non-game species and a
migratory bird species, they receive protection under state and federal laws
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at most locations. Future research needs include a better understanding of
interspecies interactions and a quantification of barn owl impacts on rare,
endemic faunal species is needed (Stone and Anderson 1988).

12.3.3 Reptiles

Brown treesnakes

Brown treesnakes (Boiga irregularis) were accidentally introduced into
Guam shortly after World War II from their native range in Australia and
Papua New Guinea and Australia. The snakes are slender and arboreal
with a typically adult length of about 2 m. They have reached extremely
high population levels (> 40 per hectare) on Guam because of the
abundance of food and lack of abundant predators. The large snake
population levels have resulted in the extirpation of most of Guam’s native
forest birds (9 of 11), extirpation of native lizard populations (9 of 12), and
extirpation of two of the three native bats (Savidge 1987; Savidge 1988;
Rodda and Fritts 1992; Rodda et al. 1997). Beyond the severe ecological
effects, brown treesnakes have been a threat to human health and safety,
agriculture, and cause frequent power outages. The snakes are poisonous
rear-fanged snakes, thus they are unlikely to cause harm to adults.
However, they may affect small children. Data from a single hospital in
Guam suggests that there may be more than 26 bites per year (OTA 1983).
Pets and poultry also are frequent prey items of the snakes. The largest
economic impact from the snakes is the disruption of power systems. The
arboreal snake frequently climbs utility poles, power lines, and other
structures as travel corridors. Thus, snakes ground out these systems when
they cross from grounded to live structures causing an estimated 1.4
million in damages from power outages (Vice and Pitzler 2002).

A variety of methods are employed to control snakes and restrict their
access to aircraft and cargo leaving the islands including fence searches,
trapping with mice, and searching with detector dogs (Vice et al. 2005).
Other potential methods to control snakes include the use of toxicants,
repellents, reproductive inhibition, and barriers but these have yet to be
deployed over large areas for eradication.

Burmese pythons

Burmese pythons (Python molurus bivittatus) became established in
Everglades National Park during the 1990s as the result of unwanted or
accidentally released pets (S. Snow, National Park Service, pers. comm.).
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Burmese pythons are large snakes (>7 m) with high reproductive rates.
Originally from Southeast Asia, pythons are common pets in the United
States (Pough et al. 1998). Pythons may compete with native snake
species, prey on many native mammals and birds, and transmit disease to
native reptiles. The number of snakes removed has increased during the
past few years and this could represent a rapidly increasing population (S.
Snow, unpubl. data.). Biological information on pythons is limited but
potential habitat includes much of the Southeastern United States. Sources
of mortality for the snakes in the Everglades National Park include motor
vehicles, mowing equipment, fire, and possibly alligators (S. Snow,
unpubl. data). Currently, management actions center on mechanical control
and education efforts to prevent further introductions. Mechanical control
techniques include trapping, hand capture, and early detection using dogs.

Nile monitor lizard

The Nile monitor lizard (Varanus niloticus) is native to Africa where it
is the longest (2.1 m) lizard (Enge et al. 2004). They are imported for the
pet industry, but their size and aggressive temperament probably limits
their value as pets. They were first observed in the wild in southern Florida
in 1990; since that time there have been 146 sightings or captures with all
size classes present, suggesting a reproducing population (Enge et al.
2004). The lizard has a high reproductive capability, laying up to 60 eggs
in a clutch (de Buffrenil and Rimblot-Baly 1999).

Nile monitor lizards are voracious predators. In their native range, they
feed on wide array of freshwater, marine, and terrestrial prey, including
shellfish and other invertebrates, fish, amphibians, reptiles, mammals,
birds, and bird eggs (Enge et al. 2004). Cooperative hunting and nest
robbing have been observed in the species. They readily inhabit human
settlements and even forage around garbage dumps (Enge et al. 2004). In
Africa, they compete with dwarf crocodiles, with crabs being the main
prey of both species (Luiselli et al. 1999). This suggests that they could
compete with the American alligator and the American crocodile (an
endangered species) in Florida. Furthermore, the extensive canal systems
of southern Florida provide ideal dispersal corridors for the lizards. Other
native species that could be threatened by the monitor lizards should their
population and range increase in Florida include sea turtles and
diamondback terrapins because of egg predation, brown pelicans (a
threatened species), burrowing owls, and gopher tortoises (Enge et al.
2004).

An eradication strategy for the Nile monitor lizard in Florida has been
proposed (Campbell 2005). There would require an extensive and
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intensive trapping effort over a minimum of two years (Campbell 2005).
At present, detection, monitoring, and trapping strategies are rudimentary,
limiting efforts to control this species.

12.3.4 Amphibians

Bullfrogs

Bullfrogs (Rana catesbeiana) from the eastern United States were widely
introduced from 1900-1940 into many western states including Hawaii as
food resource. Bullfrogs have had significant ecological effects and have
been difficult to control because they are highly mobile, have generalized
eating habits, and have high reproductive capacity (Moyle 1973). Bullfrogs
may cause the extirpation of other species due to intense predation and
competition (Kats and Ferrer 2003). Management of bullfrog populations
is difficult, due to commingling with native species in aquatic habitats.
Adult frogs are removed by trapping or hand captures and tadpoles are
destroyed by draining ponds or chemical treatment where feasible. Fencing
may also be used to limit frog movements away from infested habitats.

Cane toads

Giant neotropical (Bufo marinus) or cane toads were widely introduced
from Central America into sugar cane producing regions worldwide to
control beetles causing damage to crops (McKeown 1978). However, the
effort had very limited success because the beetles could climb into the
vegetation away from the toads. Cane toads may compete with native
species for food, compete with native amphibians for breeding sites, and
prey on a variety of invertebrate and vertebrate species (McCoid 1995;
Williamson 1999). Cane toads can be very active nest predators of birds
and have a significant effect on native fauna (Boland 2004) Further, native
species preying on cane toads may be poisoned by the toad’s parotoid
gland secretions (McCoid 1995).

The frogs also may be a nuisance when large numbers congregate for
breeding in ponds or water features. Australia has been aggressively
pursuing control options but has had little success in developing new
methods (Luntz 1998). Currently, the only effective strategies are pond
drying, hand capture, and trapping.
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Coqui frogs

The coqui frog (Eleutherodactylus coqui) was introduced into Hawaii
during the late 1980s likely from infested plant shipments from Puerto
Rico (Kraus et al. 1999). Sizeable populations are now found on the
islands of Hawaii, Maui, Oahu, and Kauai and the frog threatens Hawaii’s
multi-million dollar floriculture, nursery, real estate, and tourist industries,
as well as its unique ecological systems (Beard and Pitt 2005). Most of the
coqui affects stem primarily from a piercing call (80-90 dBA at 0.5 m) and
from extremely high population densities that have exceeded 50,000
individuals ha™ in Hawaii (Beard and Pitt 2005). Beyond being a noise
nuisance, the loud nighttime choruses of frogs has affected real estate
values because people desire a coqui free property (Kaiser et al. 2006). The
floriculture industry may also be affected by refused shipments, reduced
sales, and costs associated with control and quarantine efforts. Moreover,
the high densities of frogs may effect native insect populations, forest
nutrients, compete with native birds and bats, and alter ecosystem
processes (Beard and Pitt 2005). The frogs may also benefit other invasive
predators, but there is little evidence that rats, mongoose, or cane toads
benefit from frogs as prey (Beard and Pitt 2006). Brown treesnakes
typically require small prey as juveniles and the presence of another
abundant food source in the Hawaii could increase the chance of brown
treesnakes establishing a population if they arrive on the islands. However,
there is already abundant food resources in the Hawaiian Islands, including
geckos, birds, and small mammals (Shine 1991).

Due to the high densities of frogs and their present range, few options
exist for control of wild populations. Mechanical controls include hand
capturing, habitat alteration, and trapping. These mechanical methods only
work on a small scale with a few populations. However, some success has
been documented using hot water treatments for plant shipments. A hot
(>45 °C) water treatment for at least 3 minutes will kill adult frogs and
eggs (UH 2006). Biological control or the release of organisms to combat
the frog likely will have little success and could have many unintended
consequences. Unfortunately, disease organism have a low potential for
controlling coqui frogs in Hawaii, primarily because viruses and diseases
are most effective when applied to small populations of species with low
reproductive capacity (Brauer and Castillo-Chavez 2001, Daszak et al.
2003). In large populations, diseases may initially induce temporary
population declines, but subsequently surviving resistant individuals may
lead to population levels similar to those prior to treatment. In addition,
frogs could carry a virus or disease to other parts of the world where frog
conservation is the priority (Angulo and Cooke 2002). Another important
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consideration is that most of the major frog diseases infect tadpole stages
(Daszak et al. 2003). Because coqui frogs do not have a tadpole stage, they
are less likely to be effected. Although many frogs are quite susceptible to
a variety of chemicals, the terrestrial coqui frog has been unaffected by a
wide range of potential pesticides. Currently, only citric acid and hydrated
lime have proven to be effective and registered to use to combat the frogs
(Pitt and Sin 2004a). Although these chemicals are effective if sprayed
directly on the frogs, there are several limitations with these products
including varying effectiveness due to weather conditions, potential
phytotoxicity to plants, the cost of repeated spraying large areas, access to
remote or private land, and other factors (Pitt and Sin 2004Db).

12.3.5 Fish

Humans have moved fish around the world at least back to the time of the
Romans (Moyle 1986). Moyle (1986) reviewed fish introductions in North
America and noted that at least 150 species have been involved. Fish are
introduced for various reasons, including as a source of food, for
recreational fishing, as ornamentals, and to help with aquatic insect and
plant control. Unfortunately, some of the species are voracious predators
and can inflict great harm on native aquatic fauna. The salmonids and
perches are perhaps the most significant predators in this group. Recently,
some states and countries have only been stocking sterile fish to prevent
breeding with native stocks and to restrict population growth. The list of
the world’s 100 worst invasive alien species includes brown trout (Salmo
trutta) and rainbow trout (Oncorhynchus mykiss) from the first group and
large-mouth bass (Micropterus salmoides) and Nile perch (Lates niloticus)
from the second group (Lowe et al. 2004). A more recent threat is
transporting and releasing fish through the pet trade (McNeely and
Schutyser 2003). Aquarium fish represent a huge reservoir of potential
invasive species with more than 5000 fish species traded globally and little
is known of their potential effects (McDowall 2004). In the United States,
up to 65% of the established nonnative fish populations species likely
originated from the aquarium fish trade (Courtenay and Stauffer 1990). In
Australia, 77% of nonnative fish originated from the aquarium fish trade
(Koehn and MacKenzie 2004). The walking catfish (Clarias batrachus) is a
voracious predator that has been transported to the United States and other
countries via the pet trade and for aquaculture. Once introduced, they may
spread throughout adjacent waterways and may significantly reduce native
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fish populations; many other species currently in the pet trade have similar
potential (Simberloff et al. 1997).

Predacious fish have broad food habits and will consume invertebrates,
amphibians, reptiles, and small fish. Drastic changes in a fish fauna can
occur when the native fishes are not adapted to the style of predation of the
introduced fish and extinctions and severe declines in the native species
usually results (Moyle 1986; Moyle and Cech 1996). The Nile perch after
arriving in Lake Victoria in the early 1960s and within 30 years more than
200 hundred fish species had disappeared and the perch became the main
fishery species in the lake in the 1990s (Witte et al. 1990; Kitchell et al.
1997). Presumably, competition from introduced fish also causes declines
in native fishes, but is more difficult to demonstrate (Moyle and Cech
1996). In Japan, large-mouth bass introduced to ponds reduced fish,
shrimp, crayfish, and insects number (Maezono et al. 2005). Negative
impacts of introduced predacious fish on native amphibian populations
have been documented in Russia (Reshetnikov 2003), Australia (Gillespie
2001), Europe (Martinez-Solano et al. 2003), and North America (Bull and
Marx 2002). With removal of the introduced fish, some amphibian
populations recover relatively quickly (Hoffman et al. 2004).

Introduced fish species are often difficult to control or eliminate once
established. Gill nets are used in some situations (Hoffman et al. 2004). In
extreme pond or lake situations, a chemical toxicant such as rotenone is
used to kill all fish; then restocking with native species can occur. More
effective and species-specific methods are needed for managing or
eliminating introduced predacious fish.

12.4 Regulation of invasive species

The regulation of wildlife, in general, and introduced species in particular
varies by country and even within regions, territories, provinces or states
of a specific country (Witmer and Lewis 2001). In general, the regulatory
authority to manage wildlife is held at a fairly local level (e.g., state or
province or territory). The central governments of many countries often
retain regulatory authority in some situations, such as migratory species,
endangered species, and species that might cause significant economic
harm. In the United States, many federal laws exist that have some
involvement with invasive species, but the federal government very
limited legal authority to manage the transportation of vertebrate invasive
species across state boundaries or the resources to implement regulations
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restricting invasive species movement (National Invasive Species Council
2001).

Unfortunately, most species of exotic animals are considered “innocent
until proven guilty” in many countries. There has been debate over the use
of “white lists” and “black lists” in the regulation of animal imports. After
conducting risk assessments, one can list which species are allowed entry
into the country (white lists), or one can list only those species that are
categorically excluded from entry (black list, Ruesink et al.1995, National
Invasive Species Council 2001). Currently, in the United States, the latter
approach is used, and only a few vertebrates are categorically excluded as
“injurious wildlife.” These include hedgehogs, brush-tailed possums, and
brown tree snakes. Many federal and state agencies and international and
national non-governmental organizations have put forth guidelines and
policy statements on invasive wildlife (including the need for white-black-
gray lists), but these have only been implemented in a few countries (see
discussion in Witmer and Lewis 2001). Currently, there are procedures in
place for the listing species that are known to be invasive; such listings
may be petitioned and involve stakeholders and the public in the course of
the rule-making process (National Invasive Species Council 2001). Other
countries, such as New Zealand, have white lists, which are ultimately
more effective at stemming the tide of invasive species. However, there are
problems with this approach as well. Many of the species listed on white
lists are actually genera in New Zealand, thus one genera listed could
contain more than 800 species with many species having unknown effects
(McDowall 2004). Further, government agents must be able to accurately
identify the species, hybrid, or subspecies in all stages development to
effectively restrict or allow importation. Unfortunately, until better
regulations are in place and adequate funds are made available for
inspections and management, we can expect many more invasive species
situations to arise.

12.5 Priorities of invasive species

The priorities of invasive species management may be cleanly divided by
the point that a species is established. Prior to establishment of a
population, research and funding should go to prevention and early
detection to decrease the potential for species becoming a problem (Park
2004). To increase the effectiveness of limited funding, a risk analysis
should be performed to determine the threat from nonnative species and
promote awareness of species that could cause significant effects. Further,
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coordination and cooperation among state and local agencies decreases the
potential for duplicated efforts and increases the response efforts for
incipient species. After a species has become established, research and
funding is shifted to documenting effects of the species on ecological
services, agriculture, and local economies. Development of control
strategies and public awareness are priorities after establishment to control
the effects of the new species.

Unfortunately, the line that separates the priorities before and after
establishment may be referred to as the money line. Prior to a species
becoming firmly established, the cost to control a species is low and the
probability of success is high (Simberloff 2003; Park 2004). However, the
amount of funding available and the public interest in dealing with the
potential problem is extremely low at this time. Funding for research and
interdiction efforts prior to species establishment is low and only secured
with public support pressuring public officials. After the species is
established, funding typically becomes more available and public interest
in dealing with the issue is higher. Conversely, the costs of control sky
rocket and the probability of success drops precipitously. This same
scenario has been repeated in many areas with many new species. A recent
example is the above mentioned case of the coqui frog in Hawaii.
Although the species became established by the late 1980s in a few
locations, no funding was available even though the potential to eradicate
was still fairly high. The primary public opinion was that this was not a
major problem and there were likely to be few negative consequences of
this introduction and control efforts could be harmful. This attitude existed
even after repeated warnings by scientists (see Kraus and Campbell 2002
for a full discussion). Fifteen years later, the public opinion is extremely
supportive of dealing with the issue and several studies have documented
the effects of the frogs on ecological communities, real estate, agriculture,
and human health (Beard and Pitt 2005; Kaiser et al. 2006). However, the
likelihood of complete eradication now is low and would require extensive
resources.

In conclusion, invasive predators are an increasing problem throughout
the world and these effects are becoming magnified as available habitat is
lost. These predators cause a diverse array of problems, cannot be easily
predicted, and may cause more significant problems on island ecosystems
than mainland areas. The number of new introductions is likely to escalate
if the many pathways of invasion are not controlled. Currently, there are
few options to control established invasive species and the cost for control
efforts is high once a species becomes widespread and causes significant
effects. The most cost effective approach to invasive species management
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is to secure funding for research and interdiction efforts prior to a species
becoming widespread.
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13.1 Abstract

This chapter presents an overview of evidence of predator-prey
relationships in pterosaurs, with a focus on the Cretaceous (Santana
Formation) pterosaurs from Chapado do Araripe, northeastern Brazil. The
examples from the fossil record of pterosaurs as prey is scanty; the
situation of pterosaurs as predators is not much better. However, especially
for pterosaurs as predator, secondary evidence provides much insight in
the life of these extinct predators. Here, we present a simple geometric
model that proves the suggested way of predations of the toothed and
crested taxa of the Anhangueridae.

Keywords: Pterosaur, Anhanguera, Coloborhynchus, Ciorhynchus,
Santana Formation, predator, skimming.

13.2 Introduction

Our knowledge on pterosaurs, the first flying vertebrates, has much
increased during the last 30 years. New sites, such as the Brazilian
Chapada do Araripe and, more recently, the western part of the Liaoning
Province in China, provided scientists with spectacularly preserved, often
3-dimensionally, largely complete specimens of predominantly Cretaceous
age. Pterosaurs from earlier eras, especially from the Jura, originate mainly
from the well-known Lagerstétte in Sollnhofen.
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For years, the focus of research has been on taxonomy and it is only in
the last few decades that more research is done on other topics, such as
functional morphology (mainly concerning flying and, to a lesser extend,
walking; for an overview of scientific research in pterosaurs see
Veldmeijer, 2003). True palaeobiological studies however are few
(Kellner, 1994 is the only dealing solely with this topic regarding Brazilian
pterosaurs) and can be regarded as an area still to be explored in pterosaur
palaeontology. Undoubtedly one of the reasons for this slow progress in
research is that most pterosaurs, especially from Brazil, come to the
scientist through commercial dealers; the lack of stratigraphic and
taphonomic data hinders to a certain degree palacoecological
interpretation. Furthermore, mathematical models and experimental
palacontology is still not much used in pterosaur research: a biomechanical
approach related to feeding behaviour is not well developed. The research
conducted in these fields predominantly explore pterosaurs flight, although
various studies are currently being undertaken beyond flight alone.

This chapter presents the current state of knowledge of one of these
palaeobiological topics, viz. feeding, on the basis of the fossil record from
Brazil (Chapada do Araripe; Lower Cretaceous Santana Formation) and
offers a case example of secondary evidence of predator-prey interaction
in the pterosaur fossil record in the form of a biomechanical calculation
that proves previously proposed fishing techniques.

13.3 Pterosaurs as prey

In general, the evidence of pterosaurs as prey is rare, which might be due
to taphonomic reasons: the skeleton of pterosaurs are extremely fragile,
with bone wall often less than one mm thick (for instance Wellnhofer,
1985; Veldmeijer, 2003). This makes the chance of fossilization, a rare
phenomenon in itself, even more of an extraordinary event. Only few
examples of direct evidence are known to date, one of which comes from
the site that is the focus of this chapter. An example of the basal pterosaur
Preondactylus buffarinii from the Upper Triassic (Norian) of Rio Seazza
Vally, Italy as prey has been reported by Dalla Vecchia et al (1989). The
authors suggest that the remains of this pterosaur, found in a gastric pellet,
were spewed up by a predatory fish. Another example comes from the
Brazilian Santana Formation and is a series of three cervical vertebrae of
an Early Cretaceous pterosaur with a predatory tooth still embedded
(Buffetaut et al 2004). The authors have identified the tooth as one from a
spinosaurid theropod dinosaur who has bitten the neck of the pterosaur.
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According to the authors, the neck must have been fresh and articulated
because the three cervical vertebrae are still associated. Furthermore
(ibidem: 33) “the vertebrae remain in articulation and lack evidence of
etching by gastric juices.” However, the neck might have been bitten off
after the reported sixth cervical with the spinosaurid tooth, upon which the
predator swallowed the seventh (and perhaps subsequent) vertebrae,
leaving the series vertebrae reported.

Some fossils show evidence of broken limbs, sometimes with clear
evidence of infections (for instance Bennett 2003; Kellner & Tomida
2000; Tischlinger 1993; Wellnhofer 1970, 1991a), but it is not clear at all
whether these fractures were caused by attack from a predator or not.

13.4 Pterosaurs as predator

Unequivocal evidence of predator-prey relationships, in which pterosaurs
act as the predator, is even more rare than pterosaurs as prey. Most
pterosaur fossils are found in deposits associated with water (see Unwin
2005 for an overview). This is true for most of the fossils from Chapada do
Araripe. Although it is tempting to conclude from this evidence alone that
these animals were piscivorous, it seems too easy to do so just because
they were found there: the shallow and calm water bodies are the best
places for fossilization due to the lack of currents and rapid burial rate
(note that the exact stratigraphic position and taphonomic data from
excavations might be of much help here). Also, morphological features
might suggest a non-piscivorous habit as well. Research in progress seems
to suggest that many, if not all toothless Tapejaridaec were not piscivorous
but frugivorous or even granivorous. Wellnhofer & Kellner (1991) already
suggested for Tapejara wellnhoferi a frugivorous diet but Kellner &
Campos suggested in their description of Thallasodromeus sethi (2002), a
much larger member of Tapejaridae, that it skimmed the water for fish, not
unlike the black skimmer (Rynchops niger), a bird with a sharp-edge lower
jaw which “ploughs through the surface of the water during flight”
(Wellnhofer 1991a: 160; see also Unwin 2005: 289).

However, other evidence clearly point to piscivorous diet for the toothed
and crested taxa. The interlocking teeth at the expanded front part of the
jaws, especially if they are as big as seen in Coloborhynchus, seem
perfectly adapted to catch slippery prey such as fish and the smaller teeth
more posteriorly to hold on and transport the fish further towards the
throat. The teeth in the various toothed taxa from Brazil differ
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considerably (see Unwin 2001; but especially Veldmeijer 2006;
Veldmeijer et al 2005, 2006).

Fig. 1. Crested, tooted taxa from Chapada do Araripe. Top: Cranium and mandible
of Criorhynchus mesembrinus, BSP 1987 1 46 (courtesy of the Bayerische
Staatssammlung fiir Paldontologie und historische Geologie, Munich). Middle:
Cranium and mandible of Coloborhynchus piscator, NSM-PV 19892 (courtesy of
National Science Museum, Tokyo). Bottom: Anhanguera blittersdorffi, MN 4805-
V (courtesy of Museu Nacional, Rio de Janeiro). Scalebars in cm. Photographs by
E. Endenburg/A.J. Veldmeijer

Note also that the shape of the teeth is basically built in order to spear a
slippery prey more than to cut or slash. The teeth in Coloborhynchus are
fairly large, especially in the expanded part, whereas the teeth in
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Anhanguera are smaller and more numerous in general. In both taxa there
is a distinct difference in diameter of the various teeth, but in particular
between those in the expanded front part and the more posterior part. In
Criorhynchus the teeth are fairly large too but the difference in diameter is
much smaller. Taken this together with the difference in morphology,
including the position of the crest (starting at the very front in
Coloborhynchus and Criorhynchus but more posteriorly in Anhanguera),
the mandibular sagittal groove and the corresponding palatinal sagittal
ridge (extremely big in Criorhynchus but much smaller or absent in the
other taxa), the absence of the expansion of the front part (present in other
taxa: robust in Coloborhynchus but much more smooth in Arnhanguera)
and the wingspan (about 3.5 m for Anhanguera and about 6 m for
Coloborhynchus) it seems hard to believe they all obtained their food in
the same way and moreover, fed on the same food. The described
differences in morphology suggests otherwise. Would not it be more likely
that the various taxa specialised in their food and/or in the techniques of
getting it? This, however, does not necessarily mean there was not a
certain overlap.

A feature not unimportant to consider is that the body of these
pterosaurs is extremely small (Veldmeijer 2003), which means that there
would not have been space for big fish. Furthermore, possibly their
stomachs might not have been able to contain a large fish without
substantially altering flight capabilities, as in modern bats (Altringham
1996). This would mean either that they hunted small fish and/or pre-
digested fish before swallowing, the teeth not being used to chew. The
second suggestion would need at least a system like cheeks in order to
avoid the fall of the prey from the mouth during pre-digestion, or of gular
sacs. Although throat pouches have been reported for some pterosaurs (for
instance Wellnhofer 1978, 1991a), it is uncertain whether the Cretaceous
toothed taxa from Brazil had pouches.

Another uncertain point is: were the pterosaurs able to correct the
sudden jerk to the side of the body if the wing tip touched the water
surface, or would they crash? The impact of the wing with water would
have caused serious problems of stability as the leading surface is rigid
(made of bone) and not plyable as the feathers of a bird, for instance. Of
course, they could have soured over the water, but this almost certainly
rule out skimming.

The lifestyle proposed for Coloborhynchus and all crested pterosaurs
such as Anhanguera, (and Criorhynchus despite the above-mentioned
morphological differences), is that of a fish predator, able to catch its pray
by extracting it from the water without interrupting the flight proposed first
by Wellnhofer (1987, 1991a, b). The theory, although generally accepted,
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has never been supported by mathematical models. Below, however, we
will present a model, supporting Wellnhofer’s theory.

Besides the fact that Anhanguera and Coloborhynchus remains are
found in ancient coastal areas and in association with sea fauna (or, rarely
in lake deposits, like the Mongolian specimen from the late Lower
Cretaceous of Khuren-Dukh) morphological evidence supporting the
hypothesis on fishing include the shape and disposition of the teeth, and, as
we will see, the exaggerated proportions of the head in conjunction with
the ability to bend the neck very deeply downward. Most of these
characters are shared with the vast majority of advanced pterosaurs, so that
the considerations made in the following paragraphs should apply, at a
qualitative level, to all of them.

The specimen of Anhanguera santanae AMNH 22555, described by
Wellnhofer (1991b) includes the complete neck. It is beyond the scope of
the present work to discuss in detail this name (see Veldmeijer 2003 for
details) but it is important to note the fact that he reconstructed the
mandible with a dentary sagittal crest that does not terminate at the front.
This was based on the assumption that, since the premaxillary sagittal crest
was situated between the nasoantorbital fenestra and terminated well
before the front of the snout, this would also be the case with the
mandibular sagittal crest. However, recent finds of Anhanguera (referred
specimen in Kellner & Tomida 2000; Veldmeijer et al 2006) included
more complete mandibles, clearly showing that the dentary sagittal crest
terminates at the tip of the mandible. The model presented below will
focus on Coloborhynchus.

13.5 Fishing technique: the model

To see how the mentioned characteristics came into play when the animal
was hunting for fish, let us consider a model situation exemplified in figure
2.

An adult Coloborhynchus localized a prey near the sea surface. To catch
its prey, it is entering the sea surface with the tip of its snout at point P,
with a sea current of speed C, at angle o and at a speed V, (Fig. 2). The
best fishing strategy would be to evaluate the position of the fish with high
accuracy before entering the water (a characteristic which may be related
to the ‘frontal’ position of the eye and to adaptations in the brain, Witmer
et al. 2003, note that Witmer et al mix up, in figure 4, ¢ & d, the skulls of
Anhanguera santanae AMNH 22555 with Coloborhynchus piscator [cf.
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Fig. 1 of the present work]) after which to enter the water as near to the
prey as possible.

Fig. 2. Geometric model for studying the effect of the sea current on an adult
Coloborhynchus when entering the water surface at point P to catch a prey. The
animal is seen in dorsal view, flying in direction x at speed V. The sea current is
represented by its speed vector C. C, and C, are two vectors resulting from the
decomposition of C along the animal flying direction (C,) and orthogonally to it
(Cy), while o is the angle between the animal direction of flight x and the sea
current C

This strategy would in fact minimize the prey’s awareness of a danger
by decreasing the time separation between the noisy entrance in the water
and the attack to a minimum. We then assume that P is the position of the
prey, or at least very near to it. For the sake of simplicity, we choose a
Cartesian reference system having its x-axis aligned with the flight
direction of the animal. The current C is not co-linear with the direction of
flight, so that it can be decomposed in two orthogonal component vectors,
Cx and C,, along the direction x and y respectively, which have the
dimension of a velocity.

Let us first consider the moment the pterosaur sinks the tip of its snout
in the water at point P.

When an object is sinking, the pressure exerted by the water, which
counteracts the sinking, is related to the shape of the object. The sinking
profile of Coloborhynchus depends on the angle of sinking of the head d at
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point P, as illustrated in figure 3, where the main body of the mouth is
represented by a cylinder and the crests are represented by a cyan lamina.
The smaller the angle (3) between the head and the water surface, the
bigger is the angle marked as y (Fig. 3).

In an early National Advisory Committee for Aeronautics (NACA)
paper Von Karman (1929) derived a formula for the maximum pressure on
a wedge impacting water and depending on the angle y. The formula was
derived to help designers of sea planes and sea plane floats to calculate the
stresses during landing. The formula for maximum pressure on a
cylindrical wedge with an angle y between the water and one plane of the
wedge is given by:

Prax = p 5”7 by cotangent of y (13.1)

where p is the water density, s, is the sinking velocity, and y is the angle
between the water surface and the inferior surface of the sinking object, as
illustrated in figure 3A.

ey, P

Fig. 3. Sinking of the Coloborhynchus head into water. Low 6 angles are preferred
to minimize water attrition, thanks to the dentary sagittal crest on the tip of the
mandible

As evident from figure 3 and equation [1], a low 0, causing an increase
in v, is preferred to optimise the sinking. The fact that the mandible has a
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dentary sagittal crest terminating to the tip of the jaw supports a way of
entering the water engaging the mandible first, consistent with low &
values, as opposing to the “high 6” way. This evidence support the idea
that Coloborhynchus hunted by soaring over the sea surface, entering it
low over the water, with the mandible as flat on the water surface as
possible, as opposed to predators which hunt by falling on the prey from
high elevations.

Let us consider now the effects of the current component Cy at point P
(Fig. 2), once the tip of the skull is in the water. Since this component is
co-linear with the pterosaur flight direction, it can effect the position of the
skull, displacing it from point P along the x axis. In Coloborhynchus,
however, this effect is reduced to a minimum by the two crests on the tip
of the skull. In case C had the same direction of the animal flight, the
dentary sagittal crest came again into play by reducing its effect; in the
opposite case, the premaxillary sagittal crest, which was very soon
submerged after the first impact with water at point P, exerted the same
action. This is in accordance with the observations made by Wellnhofer
(1991b). The presence of the crests, more than a secondary sexual signal,
seems thus related to the hunting behaviour of Coloborhynchus, so that
fossils missing it should be considered to be different species.

Once the snout sinks into the water, in order to keep the mouth on
position P and to allow the grasping of the prey, the head of the pterosaur
has to move relatively towards the body of the animal, which is still
proceeding at a speed V, from point a to point b (Fig. 4A). This is
achievable by bending the neck downward, as proposed by Wellnhofer
(1991b) and shown in figure 4A.

The maximum time which the animal can spend on point P, i.e. the time
to grasp the prey and to manipulate it as to ensure a firm grip (“grasping
time”), coincides with the time spent by the animal to cover the distance
ab, if ab is the maximal distance which can be covered without moving the
tip of the snout from P. This time depends directly on the length of the
distance ab and inversely on V. To keep V, high, i.e. to preserve the speed
of the attack on P, and to maintain a long grasping time, ab must be as long
as possible. The maximum length of ab depends on the length of the
segment bP, i.e. the overall maximal spanning of the segment made by the
neck and the head, and on the minimal angle 3 at which the neck could be
bent downward, as exemplified in figure 4B. Thus, the evolutionary trend
producing big, long heads and long, downward highly flexible necks in
advanced pterosaurs can be explained as an adaptation to maintain a high
speed attack, without compressing too much the grasping time.
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A

Fig. 4. The dorsoventral flexure of the neck of Coloborhynchus maintains the tip
of the head on the prey at point P, increasing the “grasping time”. This time
depends directly on the length of ab and on [, being the maximal distance covered
without moving the tip of the snout from P and the minimal angle at which the
neck could be bent downward respectively

Let us consider now the effects of the speed and direction of the sea
current at point P on the current component C, (Fig. 2). The effects are
reported in figure 5. As it might be expected, the orthogonal velocity C,
experimented by the animal increases as the current speed increases, and
reaches its maximum when the current is orthogonal to the direction of the
animal.

Since C, is null before the animal arrives at point P, it is also directly
proportional to a force applied on the head of the animal at a direction y,
which tends to divert the head of the animal.

An animal able to balance a C, of 5 m s without being diverted would
be able to hunt in the light grey region of the graph, i.e. would be able to
arrive at point P at any angle with the current if the speed of the current is
up to 5 m s (18 Km h), but would be nearly restricted to co-linearity
with the current for speed of 10 ms™ (36 Km h™).

To oppose C, an animal can exert a balancing force by the wings, by the
muscles of the neck or by the passive resistance of the skeleton.
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30
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Fig. 5. Relation between the angle alpha (see Fig. 2), the sea current speed and the
vector Cy (see Fig. 2). Light grey regions of the graph represent the combinations
of current speed and angle alpha for which an animal able to balance a Cy
component of 5 m s could catch its prey without being diverted by the current;
dark grey regions represent the combinations for which it could not

Contrary to the birds, the first solution is not achievable for large
pterosaurs, since the space between the animal and the water surface
would not be sufficient to manoeuvre the large wings (risk of crashing, see
above). The second solution would require to increase the body mass, an
obvious disadvantage for any flying animal. The third solution is indeed
observed in most of the large pterosaurs, which had a neck skeleton
virtually unable to bend laterally. Every cervical vertebra, in fact, is
elongated, and tightly connected to the adjacent ones, which give rise to a
very rigid neck backbone. Such a strong, rigid structure is ideal to support
the force arising from the C, orthogonal component of the sea current,
increasing the “light grey region” represented in the graph of figure 5.

13.6 Conclusions

The idea of Wellnhofer of fishing techniques in crested Anhanguerid
pterosaurs is supported by simple geometric considerations. Furthermore,
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it shows that the rigid, elongated neck, the elongated head structure, the
presence of dentary and/or premaxillary sagittal crests are all characters in
favour of an animal entering the water at low angles with the surface,
penetrating the water strata with a rapid movement, snatching the prey and
manipulating it, and finally exiting the water, all without interrupting the
flight. As a consequence, we suggest that the crests on the tip of the snout
of Anhanguera, Coloborhynchus, Criorhiynchus, and all the other,
comparable crested pterosaurs were used as useful adaptation to this
hunting strategy, and, therefore, sexual display did not seem to have been
the primary function.

In conclusion, we have demonstrated that the crested Anhanguerid
pterosaurs Coloborhynchus and Criorhynchus were perfectly built to catch
their prey in just one way: gliding or flying with their lower jaw very close
to the water surface, and lowering their necks suddenly to snatch the fish.
Although this way of fishing might be assumed for the other crested taxon,
Anhanguera, as well because of the presence of crests, the exact
consequences of the more posterior position of the premaxillary sagittal
crest has yet to be determined.
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