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Foreword

The dog said to the bone: “If you are hard, I have time.” Not in vain, one of my
surnames is Sancho, as the manchego squire from Don Quixote, so I beg you to
allow me to start with one anonymous sentence which I think is appropriate. Here,
the “bone” is the ecology of scavenging, the central theme of the book you hold in
your hands. The “dogs” (no offense intended) are all the researchers who have
devoted much or all of their professional activity to the study of these processes.
Seen from the current perspective of ecology, the topic is undoubtedly attractive and
deserves to be at the forefront of cutting-edge science. This was not the case, how-
ever, just a few decades ago. Then, the “bone” was hard, and attempts to gnaw it
sometimes involved risking the splintering of teeth. After all, scientists are not
anomalies, but they are like anyone else, subject to the imponderables of the world
in which they live. Among them, there are those that seek quick results and profes-
sional victories (lamentably more and more), which does not mesh well with the
patience, observations, and setbacks that typically accompany investigation in the
field. For this reason, working with carrion has not traditionally been on the radar of
research teams in ecology. This is evident just reading the textbooks of three or four
decades ago, when those of us who were already combing through gray hair were
on the faculties of our venerable research institutions. Take that test and you will
see.

But researchers arrived with a hard tooth, and after several decades of effort and
tenacity, they are chipping away at the bone. The number of works on scavenging
ecology has grown exponentially and continues to grow, thanks to the courage of
researchers such as those that have edited and contributed to this book. I believe that
I am not mistaken in affirming that a fundamental driver of the qualitative leap that
has taken place has been the conservation of the great birds and mammals for whom
scavenging is a way of life. The global crisis of biodiversity that we are facing has
been ahead of the, until recently, flourishing populations of large vultures of the Old
World as well as large carnivorous mammals. In parallel, the human obsession for
achieving an “aseptic” world has nearly led to the end of traditional abandonment
of carrion of domestic animals in the countryside. The impact of this change could
affect the entire panoply of organisms that take advantage of discarded remains,
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including arthropods, bacteria, and many vertebrate facultative scavengers. This
trend was born in the south of Europe, specifically in Spain, the refuge of the last
healthy populations of carrion birds. Thus, it is not coincidental that the editors and
many of the authors of these chapters carried out their work in the Mediterranean
biome. I also think that, and this is a personal opinion of course, the appeal of “scav-
enging ecology” for many ecologists is anchored in something that is very much at
our roots as human beings. There is no doubt that the use of carrion had a mark on
our beginnings as a species: imagine the first humans, and our “cousins” the
Neanderthals, harvesting the huge carcasses of mammoths and mastodons. What
would it have meant for those groups of humans, always between life and death, to
have access to a resource of this caliber? What challenges would they have been
willing to face, such as carnivores and other beasts, to take this valuable booty?
This, without a doubt, left its mark.

Prologues usually discuss the contents of subsequent chapters. I will not bore
you more with descriptions and summaries of the corresponding texts. I also think
that such a summary is unnecessary because the structure of the book is clear, and
in a few pages, you will find a very detailed explanation of the contents. This is such
a monumental work (it is difficult to find another word) that I am sure it will be a
must for ecologists for many years to come. I invite you to immerse yourself in the
texts and, for those who are less familiar with the topic, to enjoy learning. Let me
finish with another reference, this time to a Cordovan philosopher born thousands of
years ago in the empire that gave birth to the civilization in which we live. Seneca
said that the effort calls the best. In the pages that follow, the best are represented,
invigorating, with their hard work, a field of ecology for which they are passionate
and which, beyond texts, chapters, and papers, transports us back, for a moment, to
our beginnings: bipedal, erect, and trembling, making our way in a world of beasts
guarding their precious treasures.

José Antonio Dondzar Sancho
Department of Conservation Biology
Estacion Bioldgica de Dofiana (CSIC)
Sevilla, Spain
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Carrion Ecology: Key Concepts and State of the Art

Besides the “green world” composed of living organisms, another outstanding
“brown world” exists which consists of dead organic matter, i.e. organic detritus
(Swift et al. 1979; Moore et al. 2004). Detritus is ubiquitous in ecosystems as most
of terrestrial plant biomass is not consumed by herbivores (up to 90%; Gessner
et al. 2010) and a large number of animals die by causes other than predation (i.e.
injuries, malnutrition, extreme weather conditions, parasites and disease; Young
1994, DeVault et al. 2003). For instance, >95% of reindeer in Svalbard (DeVault
et al. 2003) and about 70% of all large ungulates in the African savannah die from
causes other than predation (Houston 1979). In the Serengeti ungulate migrations,
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6250 carcasses (~1100 tons of biomass) of drowned wildebeest (Connochaetes
taurinus) enter the river each year when the mass herds cross the Mara River
(Subalusky et al. 2017). In marine ecosystems, about 69,000 large whales die by
natural causes each year (Smith and Baco 2003), providing between 6 x 10° and
2 x 10° tons of dead biomass (see chapter “Carrion Availability in Space and Time”
for more details on how much carrion is produced in different terrestrial and marine
ecosystems). Moreover, preys left uneaten by predators frequently enter the detri-
tus pool too. Depending on the pack size, wolves (Canis lupus) can supply between
100 and 1200 kg of elk (Cervus elaphus) carrion from their captures during one
winter in Yellowstone National Park (Wilmers et al. 2003a). This sizeable non-
living organic component is subject to consumption, degradation or decomposi-
tion, i.e. a series of processes that ultimately recycle the energy and nutrients
embodied into dead matter (see chapter “Carrion Decomposition”), thereby being
critical to ecosystem functioning (Swift et al. 1979; Moore et al. 2004; Parmenter
and MacMahon 2009; Barton et al. 2013; see chapter “Ecological Functions of
Vertebrate Scavenging”). Despite the large amount of dead animal biomass present
in the ecosystems, the study of decomposition of dead animals and its role in the
functioning of ecosystems has received very little attention (but see Putman 1977,
1978a, b; Putman 1983; Carter et al. 2007; Parmenter and MacMahon 2009;
Benbow et al. 2013; Subalusky et al. 2017) especially compared with that of dead
plant matter (e.g. Swift et al. 1979; Putman 1983; Gessner et al. 2010; Garcfia-
Palacios et al. 2013).

Detritus, sensu lato, is highly variable in origin and quality, from low-quality
dead plant matter to high-quality dead animal tissue, i.e. carrion (Moore et al. 2004;
Wilson and Wolkovich 2011). Carrion is yet a distinct component from the others
that form the detritus pool in ecosystems (e.g. dead wood, dead plant biomass, ani-
mal dung), as its rate of decay is much faster, it is spatially patchy (Barton et al.
2013; chapter “Carrion Decomposition”) and generally unpredictable and ephem-
eral (DeVault et al. 2003). Therefore, carrion is considered as a high-quality food
pulsed resource (Yang et al. 2008) that usually appears in the form of carcasses in
all aquatic and terrestrial ecosystems (Fig. 1). These carcasses are exploited by a
plethora of invertebrate and vertebrate scavengers (see chapters “Invertebrate
Scavenging Communities” and “Vertebrate Scavenging Communities”) along with
microorganisms (bacteria and fungi). It is therefore not surprising that competition
for carrion occur among microorganisms, arthropods and vertebrates (Putman 1983;
DeVault et al. 2003).

The unpredictable and ephemeral nature of carrion has constrained the evolution
of true specialists on this resource (DeVault et al. 2003; Ruxton and Houston 2004;
Kane et al. 2017). Species that rely entirely upon carrion must exhibit a high dis-
placement speed at a low locomotion cost to search over large areas in order to
attain a rate of encounter with the resource enough to meet their energetic demands
(Carbone et al. 2011; Kane et al. 2017). Other adaptations required would be a high
ability of sensory detection of carcasses and low metabolism in order to extend the
inter-feeding time (Kane et al. 2017). Once localized the carcass, an efficient scav-
enger must possess a large body size in order to outcompete other competitors and
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Fig. 1 Carrion, dead animal matter, appears as a pulsed food resource in the form of carcasses in
all aquatic and terrestrial ecosystems. In human-modified ecosystems, fallen stock from livestock
grazing is left in the open in many countries; in the pictures, carcasses of domestic ungulates in
mountain ecosystems in northern Spain. Photo credits: José Vicente Lépez-Bao

process the carrion rapidly to avoid its decay and the toxins from microorganisms
decomposing the carrion (Kane et al. 2017). Consequently, a limited number of spe-
cies have strictly specialized in the sole consumption of carrion, i.e. as obligate
scavengers. Among vertebrates, no mammals or reptiles have evolved into obligate
scavengers, and among extant birds only large soaring vultures are obligate carrion
consumers (22 species, Houston 1979; DeVault et al. 2003; Ruxton and Houston
2004; Fig. 2). However, many other species use this resource optionally (facultative
scavengers; Figs. 2 and 3) including early humans.

A wide diversity of species ranging from small primary consumers to top preda-
tors (e.g. lions, eagles and sharks) use carrion (Fallows et al. 2013; Mateo-Tomas
et al. 2015). Terrestrial insects found in carcasses range from 30 to 522 species
(Tabor et al. 2005), although it can include predators and parasites of scavengers
and other species that use the carrion as habitat. In marine ecosystems, as many as
407 species of vertebrates and invertebrates can be found on whale falls (Smith and
Baco 2003). Reptiles are less studied but at least twenty six species of snakes have
been documented scavenging (DeVault and Krochmal 2002). Mammals and birds
are most frequently registered consuming carrion. In Bialowieza Forest (Poland)
and in Spanish ecosystems as many as 33 and 31 vertebrate species scavenged upon
ungulate carcasses respectively (Mateo-Tomads et al. 2015). At a global scale, a
review of the literature reported that at least 69 vertebrate species consumed carrion
of wild ungulates with variable frequency (Mateo-Tomds et al. 2015). However, it is
still unknown how many species show scavenger behavior globally. Depending on
the biome considered, between 2 and 11% of the total terrestrial vertebrates present
in an ecosystem consume carrion (Mateo-Tomds et al. 2015), suggesting that hun-
dreds of vertebrate species may be facultative scavengers worldwide (i.e. 675-3700
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Fig. 2 Vultures, with 22 species present in the world, are the only obligate scavengers among
vertebrates as they are spezialized in the rapid location of carrion, e.g. the top picture shows griffon
(Gyps fulvus) and cinereous (Aegypius monachus) vultures gathering at the guts left by hunters in
the center of Spain. Besides vultures, carrion attracts many other facultative species (e.g. red fox
Vulpes vulpes in the bottom image). Photo credits: Patricia Mateo-Tomas/Pedro P. Olea
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Fig. 3 Carrion creates a local hotspot of biodiversity as many species from large vertebrates to
invertebrates gather around the carcasses. Chimangos Milvago chimango, caracaras Caracara
plancus, black Coragyps atratus and turkey Cathartes aura vultures feeding on a cow carcass in
Argentina (above); tiny invertebrates such as the European bone-skipper fly Thyreophora cynoph-
ila on a horse carcass in Spain (bottom left image). Photo credits: Maria Eugenia Cabrera-Garcia
(above) and Jesds Fernandez Carro (bottom left)
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species from the 33,770 species of terrestrial vertebrates described worldwide;
TUCN 2014). Altogether, these figures underscore the relevant role of carrion as a
fundamental food resource for biodiversity worldwide.

The presence of carrion in the ecosystems attracts a wide diversity of species of
invertebrates and vertebrates to specific locations creating a hotspot of biodiver-
sity (Figs. 2 and 3). Not only there are species that visit the carrion to feed on the
carcass, other ones come to search for prey, hosts or habitat (Tabor et al. 2005;
Carter et al. 2007). Also, species visiting the carrion leave remains in the carcass
(e.g. feathers, hair, urine, excrements, exuviae), attracting in turn more species and
creating altogether a biological activity center in and around the carcass (Carter
et al. 2007; Moleén and Sanchez-Zapata 2016). This intense animal activity along
with the chemical and microbial processes contributes to decomposition of the
carcass creating what is called a “cadaver decomposition island” (CDI; Carter
et al. 2007). This CDI is usually visible as dead plant and bare soil appear due to
trampling and the release of carcass fluids and maggot activity (Putman 1983;
Carter et al. 2007). Carrion decomposition is a fundamental ecological process
through which occurs the breakdown of the dead animal, and the recycling of the
nutrients and energy embodied in the carcass. Therefore, “life concentrates bio-
logically limiting resources”, and death disperses them (chapter “Carrion
Decomposition”). Dispersal of nutrients such as carbon, nitrogen or phosphorus
away from carrion is conducted by arthropod and vertebrate scavengers (Barton
et al. 2013; Subalusky et al. 2017). The movement of carrion nutrients can also
occur across ecosystem or habitat boundaries (Payne and Moore 2006). In the
Serengeti, for example, transfer of nutrients from terrestrial into aquatic ecosys-
tem occurs via mass drowned wildebeests in the Mara River (see above; Subalusky
et al. 2017). On the contrary, carcasses of Pacific salmon (Oncorhynchus spp) in
Alaska are transported by biotic vectors such as wolves, bears and gulls from
marine and fluvial ecosystem to terrestrial ecosystems (Payne and Moore 2006).
Despite this dispersal of nutrients away from the carrion, other important part of
the carcass nutrients are locally retained and led belowground by leakage of fluids
and transport of carrion tissues by invertebrates. Thus, soil properties (pH and
nutrient content) change. Fungi and bacteria from belowground participate in the
degradation of complex organic molecules and conversion from organic to inor-
ganic elements (mineralization), making it available to plants. Therefore, the CDI
or pulse of fertility that form the carcass create a natural disturbance, which along
with the remains of the invertebrate and vertebrate activity and the “passive”
response of plant communities increase heterogeneity in the landscape (Carter
et al. 2007).

The high diversity of species that gather around carrion point out to scavenging
(i.e. carrion consumption) as a widespread feeding strategy in natural ecosystems
(DeVault et al. 2003; see chapters “Invertebrate Scavenging Communities” and
“Vertebrate Scavenging Communities”) and underscores the importance of carrion
for biodiversity conservation worldwide (see chapter “Ecological Functions of
Vertebrate Scavenging”). Despite it, the role of scavengers in food webs has been
traditionally underestimated by 16% (estimated by the number of trophic links
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involving scavenging; Wilson and Wolkovich 2011). Also, the energy transferred
per scavenger link is 124-fold higher than per predation link; therefore, considering
scavenging in food webs would lead to more accurate estimates of energy flows
(Wilson and Wolkovich 2011). Provided that facultative scavengers consume mul-
tiple prey species, the inclusion of scavenging makes more complex reticulate webs,
thereby stabilizing the food webs (Wilson and Wolkovich 2011).

Rapid carrion consumption by scavenger communities limits disease spreading
and prevents soil and water contamination (Buechley and Sekercioglu 2016; see
chapter “Ecological Functions of Vertebrate Scavenging”). All these important eco-
logical functions of carrion eaters provide additional benefits to humans, i.e. ecosys-
tem services, such as waste disposal and disease regulation (O’Bryan et al. 2018),
thus reducing the economic costs of maintaining public health or of carcass trans-
port and disposal (Markandya et al. 2008; Morales-Reyes et al. 2015).

Increasing consumption by a growing human population is altering ecosystems
worldwide at an unprecedented pace and extent (Corlett 2015). Besides directly
threatening the conservation of scavenging species and their habitats (e.g. hunting,
poaching, pollution, land degradation; Dirzo et al. 2014), the increasing consump-
tion of natural resources by humans gives rise to an increasing production of waste
(Hoornweg et al. 2013), including human-mediated carrion from, for example,
livestock farming, hunting or fisheries (Figs. 1 and 3; Oro et al. 2013; Mateo-
Tomas et al. 2015; see chapter “Human-Mediated Carrion: Effects on Ecological
Processes”). Human-mediated carrion emerges therefore as a resource subsidizing
scavengers across the world ecosystems (Wilmers et al. 2003b; Mateo-Tomds et al.
2015; Mateo-Tomds et al. 2016). Hunting activity produces ~1.0 x 108 tons of car-
rion per year in European ecosystems, and ~6.9 x 10° tons per year in USA (Vicente
et al. 2011; Oro et al. 2013). Fisheries discards (i.e. fish catch which is thrown
back, often dead, into the sea) account for ~7.3 x 109 tons per year across the world
(Bicknell et al. 2013). Anthropogenic carrion does not only support scavengers but
also is frequently related with conservation threats for biodiversity. Livestock car-
casses treated with veterinary drugs (e.g. diclofenac) or hunting remains contain-
ing fragments of lead ammunition are known sources of toxicity for many
scavenging species (Oaks et al. 2004; Finkelstein et al. 2012; Mateo-Tom4 et al.
2016; see chapter “What Makes Carrion Unsafe for Scavengers? Considerations
for Appropriate Regulatory Policies and Sound Management Practices”).
Additionally, human-mediated carrion depends on sectorial policies such as sani-
tary or economic regulations that constrain its flow into ecosystems and thus
impact also on scavenging dynamics and scavenger conservation. Sound examples
of this are the sanitary regulations affecting the disposal of livestock carcasses after
the outbreak of the Bovine Spongiform Encephalopathy (BSE) or “mad cow dis-
ease” in Europe in the 1990s (Tella 2001; Dondzar et al. 2009) or the recent reform
of the Common Fisheries Policy (CFP) regulating fisheries discards (Bicknell et al.
2013). To effectively deal with the increasing human impacts on the environment
under the current scenario of global environmental change, it is necessary to know
how the decomposer system works, as this is a crucial piece of ecosystem function-
ing (Swift et al. 1979).
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What Is in This Book

This book focuses on carrion (i.e. dead animal matter; see Glossary in Box 1.1) and
its role in ecosystems. The scope of the book is mainly ecological, but it provides
also some insights into the conservation and management of scavengers and scav-
enging. The role of carrion in the environment is examined at different ecological
levels, from individuals to populations and communities, as well as on the function-
ing of the ecosystem. Provided that ecosystems are increasingly altered by human
activities and subsidized by anthropogenic carrion (e.g. from livestock, big game or
fisheries), this book also deals with human-mediated carrion, examining its poten-
tial effects on the conservation of species and ecosystems and how to manage them.
This book deals with carrion and their ecological processes involved in both terres-
trial and aquatic (freshwater and marine) ecosystems, although a greater attention
have been paid to terrestrial ecosystems according to the larger amount of evidence
available.

In this book, carrion refers to dead (vertebrate) animal tissues ranging in size
from small (e.g. mouse, shrew) to large vertebrates (e.g. elephant, whale; see Box
1.1). Although an abundant dead biomass of invertebrates exists in ecosystems
(Nowlin et al. 2008), we have not considered it in this book, due in part to the scarce
information still available on the topic (Barton et al. 2013). Yet, an important part of
the book is devoted to invertebrates as key consumers of carrion along with verte-
brates. Microorganisms that participate in the process of carrion decomposition are
mentioned across the chapters, but a more detailed analysis is outside the scope of
this book.

This introduction maintains a holistic conceptual view, considering carrion
within the detritus pool as in, for example, Swift et al. (1979), Moore et al. (2004),
Wilson and Wolkovich (2011) and Barton et al. (2013); thereby the carrion concept
is rooted in the general ecological theory. Nonetheless, we consider carrion as a
clearly distinct component from other ones (e.g. dead plant matter) within the detri-
tus pool in ecosystems (see above; Wilson and Wolkovich 2011; Barton et al. 2013).
The breakdown of dead organic matter into smaller fragments through biological
processes that lead to its transformation and mass loss is usually referred to as
“decomposition”. Here we consider decomposition of carrion in a broad sense,
which includes the consumption of carrion by invertebrate and vertebrate scaven-
gers (i.e. scavenging) within the decomposition processes (Wilson and Wolkovich
2011), yet, recognizing the distinct role of scavengers and microorganisms in this
process (Putman 1983; Barton et al. 2013). Following Putman (1983) there are two
groups of organisms considered as decomposers: scavengers and true decomposers.
Scavengers are those organisms (i.e. invertebrates and vertebrates) with holozoic
nutrition, i.e. they feed by ingesting and digesting pieces of other organisms (e.g.
removing fragments of the carrion); while saprophytes and saprozoic organisms
(true decomposers, microorganisms) show saprozoic nutrition through which organ-
isms release externally digestive enzymes, then absorbing from the environment the
products resulting from the enzymatic action (reducing it in sifu). Provided that both
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kinds of organisms and feeding strategies take part in carrion decay and the recy-
cling of nutrients, it may be considered that both groups of scavengers form part
altogether of the decomposition ecological processes of dead animal matter (Putman
1983). It should also be noted that both invertebrates and vertebrates share a similar
feeding strategy (i.e. digestion after ingestion; see above), provided that only the
per-capita removed material size of the carcass would make the difference (Putman
1983). However, as the reader can observe throughout this book, different authors
use different terms to refer to carrion decomposition and the organisms that take
part in it. Some authors consider scavenging by vertebrates within the decomposi-
tion process (e.g. chapter “Carrion Decomposition”), while other authors clearly
separate scavenging, as driven by vertebrate scavengers, from decomposition under-
taken by invertebrates and microorganisms (e.g. chapter “Ecological Functions of
Vertebrate Scavenging”).

In the current context of scientific knowledge on carrion decomposition above
described, this book details on carrion ecology, paying special attention to the
increasing dead animal biomass produced worldwide as a result of human activities.
The effects that human-mediated food subsidies such as fisheries and hunting dis-
cards or dead livestock on ecosystems are widely recognized from individual to
ecosystem level (e.g. Oro et al. 2013), but still poorly understood. For instance, it is
largely unknown how ecosystems are assimilating these subsides or how to manage
them to avoid conservation problems. This book tries to fill this gap, putting together
the last scientific knowledge on carrion ecology with that on carrion management
for biodiversity conservation. In this regard, the second part of the book includes
three chapters devoted to human-mediated carrion and its management. This is not
yet a comprehensive review on this topic since much knowledge is still lacking to
accomplish a deep understanding of how human-mediated carrion is impacting sub-
sidized ecosystems.

This book offers an up-to-date scientific review on carrion ecology and manage-
ment for researchers of these and related disciplines. This volume gathers also infor-
mation of interests for teachers and graduate students who can benefit from the
materials here presented dealing with a fundamental process in ecology and their
management applications. Finally, this work emerges as an useful guide for wildlife
and conservation managers. The chapters have underwent a double peer review pro-
cess by the editors and external reviewers (see Acknowledgements).

Literature Review

Although carrion and scavenging have been traditionally understudied in the scien-
tific literature as compared with other topics in ecology, the number of investiga-
tions on the field seems to have increased during the last years (Mole6n and
Séanchez-Zapata 2015). In this section we review and analyze this temporal evolu-
tion of the scientific literature about carrion ecology. We examine whether carrion
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research has recently received a greater relative attention within the ecology disci-
pline and relative to other traditionally more studied topics such as predation.

A Scopus search for “(carrion OR carcass) AND (scaveng*)” in “Title, Abstract
and Keywords” of scientific works published until 31 December 2017, and then
filtered by the presence of the terms “ecology OR conservation” throughout the
manuscript, retrieved a total of 944 publications. There has been a sharp increase in
the number of scientific works yearly dealing with carrion and scavenging since the
first publication in 1965 until the 84 works published in 2017 (mean + SD: 18 + 23
works/year; Fig. 4a). However, when standardized by the total number of papers
published in the Scopus categories of “Environment Sciences” and “Agricultural
and Biological Sciences”, the number of articles dealing with carrion and scavenging
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Fig.4 Number of scientific publications (N) per year retrieved from a Scopus search for (a) “(car-
rion OR carcass) AND (scaveng*)” and (b) “predat*” in “Title, Abstract and Keywords” and fil-
tered by the presence of the terms “ecology OR conservation” (solid black lines). The absolute
number of publications per topic and year are standardized, i.e. dividing by each 1000 articles
yearly published in the categories of “Environmental Sciences” (dashed grey line) and “Agricultural
and Biological Sciences” (dotted grey line). Credits: the chapter authors
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have been steady since the 1980s (i.e. 1-1.5 works per 1000 per year; Fig. 4a), indi-
cating that the number of articles on this theme has grown at the same pace that the
categories where they were included. Therefore despite its increase, there does not
seem to be a higher relative intensity of research in the field of carrion and scaveng-
ing in the last years. Moreover, the same pattern of increase in the absolute number
of publications is also observed in traditional research hot topics such as predation
(i.e. as retrieved from a Scopus search for “predat*” in “Title, Abstract and
Keywords” using the same parameters described above; Fig. 4b). Contrasting with
the steady trend recorded for research in scavenging, the relative number of scien-
tific publications on predation seems to have slightly decreased in the last years (i.e.
from almost 150 works per 1000 per year in the 1990s to <100 in 2017; Fig. 4).
However, the number of works yearly published on predation is 60—70 times higher
than that of publications on carrion/scavenging, indicating the limited scientific
attention still received by carrion ecology.

Book Organization

This section summarizes the book content to provide a synthetic picture of how it
approaches the state of the art on carrion ecology and management. Additionally,
through this summary, the reader can identify topics of interests within the two
major sections of the book. The first section focusses on the main characteristics of
carrion and the ecological processes triggered by its presence in ecosystems. The
second part of the book deals with the role of humans as carrion providers through
both the direct generation of carrion and the management of carrion in ecosystems.
Finally, the book includes a methodological section intended to provide detailed
descriptions and examples of some techniques frequently used in research in carrion
ecology and management.

In chapter “Carrion Availability in Space and Time”, Moleén et al. analyze the
spatiotemporal availability of carrion in both terrestrial and marine ecosystems,
including the terrestrial-aquatic interface. To disentangle how animal carcasses
appear in ecosystems is of paramount importance for understanding the ecological
processes and patterns observed at carrion. Here, the authors discuss the main natu-
ral causes for carrion appearance in ecosystems, and how different biotic and abiotic
interactions may influence carrion availability for scavengers in space and time.
From weather conditions, including extreme events such as El Nifio—Southern
Oscillation (ENSO; Greig et al. 2005) or hurricanes (Clua et al. 2014), to the key
role of predation, accident or disease (see chapter “The Role of Scavenging in
Disease Dynamics” for details on the role of disease in carrion ecology), several
natural sources of mortality influence the generation of carrion in ecosystems.
Similarly, habitat characteristics, weather conditions and inter- and intra-specific
interactions (including competition among vertebrates, invertebrates and microor-
ganisms; e.g. Houston 1979, DeVault et al. 2003) determine also carrion accessibil-
ity by different scavenging species. The authors highlight the role of species- and
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individual-specific characteristics such as life stage, body size and condition, sex or
gregariousness that greatly determine how much carrion is available, where and
when. Additionally, this chapter provides further insights in the different processes
that determine carrion availability in terrestrial and marine ecosystems; highlight-
ing, for example, the higher mobility of carrion in marine versus aquatic environ-
ments. The chapter focuses on naturally produced carrion (see chapter
“Human-Mediated Carrion: Effects on Ecological Processes” for human-mediated
carrion), including also extensive livestock because of their similar spatiotemporal
availability to that of wild ungulates in many ecosystems around the world.

In chapters “Invertebrate Scavenging Communities” and “Vertebrate Scavenging
Communities”, Anderson et al. and Selva et al. describe the invertebrate and verte-
brate communities, respectively, that consume carrion once it appears in ecosys-
tems. According to the wide range of species that are known to scavenge (e.g. at
least 2—11% of the vertebrate species in an ecosystem; Mateo-Tomds et al. 2015), to
identify the species that consume carrion is key for biodiversity conservation, and
thus for maintaining ecosystem functions and services (Wilson and Wolkovich
2011; see chapter “Carrion Decomposition”).

In chapter “Invertebrate Scavenging Communities”, Anderson et al. focus on the
use of carrion by invertebrates in both terrestrial and aquatic (both freshwater and
marine) ecosystems. The authors highlight the role of different groups of inverte-
brates (i.e. arthropods, nematodes, and molluscs), and the biotic and abiotic factors
that influence their occurrence and succession at decaying carcasses. Insects, and
especially flies, are the most important scavenging group among terrestrial inverte-
brates (Fig. 5), while, in marine ecosystems Crustacea have taken over the role of
insects. Chapter “Invertebrate Scavenging Communities” shows that, contrasting
with terrestrial ecosystems—where obligate and facultative invertebrate scavengers
occur—no truly necrophagous aquatic insects exist that feed exclusively on carrion.
Anderson et al. highlight the prominent role that temperature has in shaping inver-
tebrate scavenging communities in terrestrial and aquatic ecosystems. A close two-
way relationship exists among decomposition, as the process of chemical and
material breakdown of carrion, and scavenging by invertebrates.

Fig. 5 The European bone-skipper fly Thyreophora cynophila (Panzer) is associated with animal
carcasses. Once thought to be the first case of a dipteran species driven to extinction by humans,
was rediscovered in 2007, after 160 years from its last observation in the 1840s (Martin-Vega et al.
2010 Syst. Entomol. 35(4): 607-613). Credit: Eva L6pez Garcia
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Fig. 6 Among vertebrates,
no mammals have evolved
into obligate scavengers,
yet the hyena is likely the
most specialized mammal
in the consumption of
animal carcasses. Credit:
Eva Lépez Garcia

In chapter “Vertebrate Scavenging Communities”, Selva et al. describe the com-
position and structure of vertebrate scavenger communities from the main terres-
trial biomes, from polar ecosystems to deserts and abyssal seabed. The authors
show that birds and mammals dominate vertebrate scavengers worldwide, but rep-
tiles, fishes and other taxa are also present within the large proportion of scaveng-
ing vertebrates that consume carrion as a high-quality food resource. The subchapter
provides insights into the traits that characterize obligate (i.e. species exclusively
feeding on carrion) versus facultative (i.e. species scavenging as part of a wider
diet) vertebrate scavengers (Fig. 6); showing how obligate scavengers dominate
carrion consumption in Africa, Asia and Mediterranean Europe while facultative
scavengers replace them in higher latitudes. The authors highlight that, although
scavenging has traditionally been considered a random and opportunistic process,
vertebrate scavenger communities can show non-random complex patterns such as
nestedness (i.e. the species feeding on carcasses visited by few consumers are sub-
sets of those species feeding on carcasses visited by more consumers; Selva and
Fortuna 2007).

In chapter “Carrion Decomposition”, Barton and Bump focus on the decomposi-
tion of carrion, i.e. all biotic and abiotic processes that affect the breakdown of an
animal carcass. Carrion decomposition is a central ecological process that releases
energy and nutrients key to sustain biodiversity and ecosystem functioning (see
chapter “Ecological Functions of Vertebrate Scavenging”). The authors detail how
the previously described major groups of organisms (i.e. microorganisms, inverte-
brates and vertebrates; see chapters “Invertebrate Scavenging Communities” and
“Vertebrate Scavenging Communities”) gear together in carrion decomposition,
which also implies intrinsic chemical and physical processes. The chapter provides
a description of the temporal decay stages of carrion (i.e. fresh, bloat, active,
advance, and dry decay; Michaud et al. 2015), which are pervasively used in ento-
mological and forensic grounds. The contribution of different biotic and abiotic
factors such as temperature, moisture or vegetation and habitat characteristics to
carrion decomposition is also discussed. The authors further assess the role of scav-
engers in carrion decomposition in light of ecological theories such as, for example,
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succession, competition or coexistence and aggregation, as well as other processes
operating at larger scales (e.g. movement of carrion across ecosystems, spatiotem-
poral patchiness of animal carcasses; see chapter “Carrion Availability in Space and
Time”). The chapter finally discuss why and how new technologies (e.g. molecular
analysis) and interdisciplinary collaboration should be incorporated in research in
carrion decomposition.

In chapter “Ecological Functions of Vertebrate Scavenging”, Beasley et al. dis-
cuss the main ecological functions and services (i.e. ecosystem functions that
directly benefit humans) supported by scavengers in both terrestrial and aquatic
ecosystems. The chapter highlights the important role of scavengers in food webs,
summarizing how different advances in these conceptual frameworks have allowed
new insights to better understand scavenging in ecosystems. Concretely, the
authors provide detailed descriptions of key ecosystem functions supported by
scavengers such as nutrient cycling, biodiversity maintenance, and disease control.
These descriptions are illustrated with examples from well-studied systems, from
the pristine habitats of the Bialowieza Primeval Forest in Poland (Selva 2004) and
the Yellowstone National Park in United States (Wilmers et al. 2003a) to farmlands
in midwestern USA (DeVault et al. 2003). Although the chapter focuses on the
biodiversity-ecosystem function (BEF) and -ecosystem services (BES) relation-
ships of vertebrate scavengers, similar processes are described for invertebrates
and microorganisms. Beasley et al. also discuss the impact that different anthropo-
genic activities influencing carrion availability exert on the ecosystem functions
supported by scavengers, a topic of growing importance for scavenging dynamics
under the current scenario of global change (see chapter “Human-Mediated
Carrion: Effects on Ecological Processes”). The authors highlight the need for
more integrative and manipulative research on scavenging ecology across many
world ecosystems, especially island, arctic, tropical, and freshwater aquatic
habitats.

In chapter “The Role of Scavenging in Disease Dynamics”, Vicente and
VerCauteren address the complex relationships that exist between wildlife disease
dynamics and the epidemiological role of carrion and scavengers. Increasing the
scarce knowledge on this topic is crucial to preserve biodiversity and ecosystem
integrity but also to safeguard public health. The authors identify important aspects
that are central to properly understand this interaction, i.e. the species that consume
carrion and their exposure to disease, the role of scavenging for the spread and
maintenance of pathogens in ecosystems, and the importance of human-related fac-
tors, e.g., for increasing the risks of disease transmission (Daszak et al. 2000).
Vicente and VerCauteren highlight also the double dimension of the disease-
scavenging interaction. A positive impact of disease on scavengers and scavenging
exists; since diseases are important regulators of animal populations, death from
disease can produce important pulses of carrion in ecosystems (see chapter “Carrion
Availability in Space and Time”). On the other hand, Vicente and VerCauteren dis-
cuss also the potential role of carrion and scavengers for transmission and spread
of infectious diseases or contaminants (Naranjo et al. 2008), noticing the key role
of scavengers in limiting disease spreading (Ogada et al. 2012; see chapter
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“Ecological Functions of Vertebrate Scavenging”). The authors review the state of
the art in this challenging and often controversial topic, and update the current
knowledge to identify major knowledge gaps that should guide future research.
Furthermore, as stated in the Human-mediated carrion section of this book, this
chapter points out the paramount role that humans play in the disease-scavenging
dynamics through both directly managing carrion availability in ecosystems
(Mateo-Tomas et al. 2015) and indirectly through managing populations of wild
and domestic species (Gortdzar et al. 2006). The authors call for collaboration
between wildlife ecologists, veterinarians and public health professionals to prop-
erly tackling this topic.

In chapter “Human-Mediated Carrion: Effects on Ecological Processes” Moreno-
Opo and Margalida provide a detailed description of how humans are becoming
major providers of carrion worldwide (e.g. Mateo-Tomds et al. 2015) and how this
may affect carrion ecology (Fig. 7). To assess how human-mediated carrion is sub-
sidized into natural ecosystems provides further guidance for the effective manage-
ment of scavengers and the ecosystem functions and services they support (see
chapter “Ecological Functions of Vertebrate Scavenging”). The authors make a
detailed review of how changes in carrion management influence from individuals
to populations of scavenging species as well as the associated ecological processes
at community and ecosystem levels (Oro et al. 2013). The chapter also discusses the
consequences of these ecological alterations for human well-being (e.g. increasing
human health issues and the associated economic costs, vultures’ attacks to live-
stock; Markandya et al. 2008; Margalida et al. 2014).

Fig. 7 Griffon vultures Gyps fulvus are known to track the spatiotemporal distribution of potential
food sources, such as transhumant livestock (Olea and Mateo-Tomds 2009). Credit: Eva Lépez
Garcia
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In chapter “What Makes Carrion Unsafe for Scavengers? Considerations for
Appropriate Regulatory Policies and Sound Management Practices” Ogada et al.
discuss how the quality of carrion have decreased worldwide due to human
intervention, thus threatening scavenger conservation and the ecosystem functions
and services associated (see chapter “Ecological Functions of Vertebrate
Scavenging”). The authors outline a series factors that make carrion unsafe to scav-
engers, especially to obligate feeders such as vultures. These threats include acci-
dental toxicity due to the consumption of carrions with residues of non-steroidal
anti-inflammatory drugs (NSAIDs) and other veterinary drugs used to treat live-
stock (Oaks et al. 2004), lead ammunition used to hunt wild ungulates (Finkelstein
et al. 2012), or insecticides and rodenticides used in pest control (Olea et al. 2009).
Additionally, the chapter also delves into the role of human-wildlife conflicts for
scavenger conservation, highlighting the deliberate poisoning of carcasses to kill
predators of livestock or game species such as lions, wolves, eagles and hyenas
(Fig. 8). The authors analyze the relevance of all these threats for scavenger’s con-
servation across the globe, alerting also of the increase in deliberate poisoning of
vultures by ivory poachers in Africa (Ogada et al. 2016). Based on the conservation
and management experience of the authors, the chapter offers some recommenda-
tions and guidelines for developing appropriate regulatory policies, and vigilant
management practices to properly safeguard scavengers from contaminated
carrion.

At the end of this book the reader can find some Methodological approaches
detailing some of the most common and/or novel methods used to research on car-
rion ecology. In chapter “Methods for Monitoring Carrion Decomposition in
Aquatic Environments”, Anderson and Wallace describe the techniques and facili-
ties used to study scavenging underwater in freshwater and marine ecosystems. The
authors provide further details on the Victoria Experimental Network under Sea
(VENUS) observatory (Ocean Networks Canada), an elaborate cabled underwater
laboratory in the west coast of Canada and the US. In chapter “Studying Movement
of Avian Scavengers to Understand Carrion Ecology”, Duriez et al. review the state
of the art regarding the use remote technologies for tracking scavengers, focusing
on the use of GPS telemetry for vulture monitoring. The authors provide also
detailed descriptions of some techniques used to trap and tag these birds and of the
usefulness of the information retrieved from these telemetry studies.

Fig. 8 The red kite Milvus milvus is a facultative scanvenger highly affected by poison due to this
species feeding on small carcasses that are frequently used as poisoned baits. Credit: Eva Lopez
Garcia
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Book editors provide in chapter “Synthesis and Future Perspectives on Carrion
Ecology and Management” a synthesis of the book content; a general picture of
carrion ecology and how the existing knowledge on the topic may support carrion
management for conservation. The editors highlight the main concepts and topics
outlined by the authors of each chapter, including the existing knowledge as well as
future research pathways and needs. A visual summary of the book content across
the globe is also provided here.

Box 1.1 Glossary

Cadaver: Dead mammal, frequently used to refer to dead human bodies.

Cadaver decomposition island (CDI): As described by Carter et al. 2007,
this term refers to the biological, chemical and microbial activity center cre-
ated in and around a carcass during its decomposition process.

Carcass: Dead corpse of an animal. A usual form for carrion to naturally
appear in ecosystems.

Carrion: Dead animal tissues characterized for its high-quality in terms of
nutrient richness and assimilation efficiency by consumers. Generally unpre-
dictable and ephemeral, due to a much faster rate of decay than other detritus
such as, for example, plant litter.

Consumption: The direct consumption (i.e. feeding) of dead animal tis-
sues by living organisms is part of the process of carrion decomposition.

Decomposer: Living organism contributing to the process of carrion
decomposition. Putman (1983) classifies decomposers into two groups of
organisms: scavengers (see below) and true decomposers. True decompos-
ers are saprophytes and saprozoic organisms (i.e. microorganisms) with
saprozoic nutrition, i.e. they release externally digestive enzymes, then
absorbing from the environment the products resulting from the enzymatic
action.

Decomposition: the breakdown of dead organic matter into smaller
fragments through biological processes that lead to its transformation and
mass loss. This is a fundamental ecological process through which occurs
the recycling of the nutrients and energy embodied in the dead organic
matter.

Degradation: Physical and chemical breakdown of detritus resulting from
the action of abiotic factors such as temperature, oxygen concentration,
mechanical action of water, wind...

Detritus: Dead organic matter of different origin (e.g. dead plants and ani-
mals but also animal dung and other teguments) and quality, i.e. in terms of
chemical composition and assimilation efficiency by consumers. Carrion is
considered as a high-quality detritus.

Scavenger: Organism (invertebrates and vertebrates) that consumes car-
rion uniquely (obligate scavenger) or optionally (facultative scavenger).

Scavenging: The process of feeding on carrion by invertebrates and
vertebrates.
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Introduction

Auvailability of carrion to scavengers is a central issue in carrion ecology and man-
agement, and is crucial for understanding the evolution of scavenging behaviour.
Compared to live animals, their carcasses are relatively unpredictable in space and
time in natural conditions, with a few exceptions (see below, especially Sect.
“Carrion Exchange at the Terrestrial-Aquatic Interface”). Carrion is also an ephem-
eral food resource due to the action of a plethora of consumers, from microorgan-
isms to large vertebrates, as well as to desiccation (i.e., loss of water content;
DeVault et al. 2003; Beasley et al. 2012; Barton et al. 2013; Moleén et al. 2014).
With a focus on vertebrate carcasses, here we give an overview of (a) the causes that
produce carrion, (b) the rate of carrion production, (c) the factors affecting carrion
quality, and (d) the distribution of carrion in space and time, both in terrestrial and
aquatic environments (including their interface). In this chapter, we will focus on
naturally produced carrion, whereas non-natural causes of animal mortality are
described in chapter “Human-Mediated Carrion: Effects on Ecological Processes”.
However, throughout this chapter we also refer to extensive livestock carrion,
because in the absence of strong restrictions such as those imposed in the European
Community after the bovine spongiform encephalopathy crisis (Dondzar et al.
2009; Margalida et al. 2010), the spatiotemporal availability of carrion of extensive
livestock and wild ungulates is similar.

Causes of Carrion Production

Animals commonly die from natural causes such as predation, starvation, parasites,
disease, adverse climatic conditions and accidents. Many animals die naturally during
the most susceptible stages of life: early when vulnerability reduces their survival, late
because of senescence. Also, animals may die from casualties related to humans (see
chapter “Human-Mediated Carrion: Effects on Ecological Processes’), which include
intentional mortality sources such as game hunting, fisheries, deliberate poisoning and
poaching, as well as unintentional mortality causes such as collisions with infrastruc-
tures, road kills, ship strikes, emerging infectious diseases and environmental toxins
(Burkholder et al. 1992; Harvell et al. 1999; Laist et al. 2001; Fisher et al. 2006;
Lambertucci et al. 2010; Collins and Kays 2011; Koch et al. 2013; Jepson et al. 2013;
Wright et al. 2013; Kiihn et al. 2015; Benbow et al. 2016). Further, these causes of
death often work in concert (Newton 1998). For instance, cold weather conditions
may increase the requirement of energy intake and thus increase the risk of starvation
(Begon et al. 2006; Conover et al. 2013). Moreover, animals weakened by disease are
more prone to predation (Schaller 1972) and, in some cases, collisions with automo-
biles (Mgller et al. 2011).

In terrestrial biomes, most vertebrates usually die due to predation and diseases.
Food and water shortage are major drivers of herbivore mortality, either directly or
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indirectly via enhancing vulnerability to predation, pathogens and others (Pereira
et al. 2014). Moreover, exhaustion suffered during long-distance migrations may
increase ungulate, bat, and bird mortality rates through different mechanisms (e.g.,
Geluso et al. 1976; Mduma et al. 1999). Apex carnivores, in contrast, mostly die as
a consequence of competition (including intraguild—both inter- and intraspecific—
killing; Palomares and Caro 1999; Thompson et al. 2015), parasites, and
senescence.

In aquatic ecosystems, for some anadromous fish species (e.g. Pacific salmonids
Onchorhynchus spp.), reproduction coincides with death. Necropsies of stranded
marine mammals and turtles revealed these animals are susceptible to a wide range
of parasites and viruses (Harvell et al. 1999; Arbelo et al. 2013; Work et al. 2015).
Toxic diatom blooms can produce massive mortalities among sea lions (Scholin
et al. 2000). Furthermore, mortality events can be also associated with large-scale
climatic perturbations (Evans et al. 2005). In the South Pacific, for instance, mass
mortality of Pygmy killer whales (Feresa attenuata) was linked with extreme mete-
orological conditions, such as the hurricanes Marylyn and Jim (Clua et al. 2014).
Furthermore, fish kills can be attributed to natural conditions of oxygen deficiency
(Stachowitsch 1984), extreme cold waters (Marsh et al. 1999; Hoag 2003) or river
water acidification (Fjellheim and Raddum 1990). Similar to large animals in ter-
restrial ecosystems, whales and large sharks are probably subject to reduced preda-
tion risk and thus senescence and disease must be the most important natural causes
of mortality, at least for adults.

Estimates of Carrion Production

Quantifying how much carrion is produced in ecosystems is one of the most impor-
tant, although probably the most overlooked, aspect of carrion ecology (Oro et al.
2013). This is mostly due to methodological difficulties in obtaining empirical data
in both terrestrial and aquatic systems. Estimating how much carrion is produced
temporally and spatially is a complex issue that requires intensive fieldwork (e.g.,
Selva 2004), sometimes in combination with sophisticated modelling approaches
(e.g., Wilmers and Getz 2004, 2005; Margalida et al. 2011).

Overall

In terrestrial ecosystems, as we show in Table 1, only a few studies have provided
estimates of carrion biomass production per units of time and space in natural con-
ditions (provision to dumps and vulture feeding stations, intensive livestock debris
and game hunting remains are considered in chapter “Human-Mediated Carrion:
Effects on Ecological Processes” because of their human origin). All these studies
have focused on ungulates (wild, domestic or both). When all mortality causes are
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considered together, carrion is produced at an annual rate of up to ca. 700 kg/km?.
In all cases, carrion supply ranged between tens to hundreds of kg/km?, although
estimation methodologies, as well as the species evaluated, were highly heteroge-
neous among the reviewed studies (Table 1).

In well-preserved coastal systems, carcass supply can be substantially higher
than inland. On the Isle of May (Scotland), an average of ca. 7000 kg of grey seal
(Halichoerus grypus) placenta and dead pups and adults are produced annually,
which means localised concentrations of as much as ca. 15,000 kg/km? (Quaggiotto
et al. 2018). Up to 530 kg/km of stranded carrion accumulates annually along the
shoreline of the Gulf of California (Polis and Hurd 1996b), whereas seabird colo-
nies within the same gulf provided carrion with densities ranging between 5 and
100 kg/km?, depending on the nesting island (Sanchez-Pifiero and Polis 2000).

Table 1 Carrion biomass (kg/km?) produced in different terrestrial systems by natural causes such
as predation or disease

Carrion
Continent | Country Location biomass | Species Period | Reference
Africa Zimbabwe | Rural 696 Domestic and | Annual | Butler and Du Toit
Zimbabwe wild ungulates (2002)
Europe Poland Biatowieza | 89 All wild Annual | Selva (2004)
Primeval ungulates
Forest
Spain Continental | 195 Extensive Annual | Morales-Reyes
Spain livestock etal. (2017a)
Cantabrian | 2.1-40.3 | Extensive Annual | Olea and
Mountains livestock Mateo-Tomas
(transhumant) (2009)
1.5-8.7 | Extensive Annual | Olea and
livestock Mateo-Tomas
(resident) (2009)
Sweden Sarek 0.6-9.6 | Reindeer Annual | Mattisson et al.
National (wolverine and (2011)
Park Eurasian lynx
kills)
UK Scottish 264 Sheep and red | Annual | Brown and Watson
Highlands deer (1964)
Pastoral 190 Sheep Annual | Newton et al.
land (Wales) (1982)
North USA Yellowstone | 69-104 | Red deer Cold Houston (1979)
America season
13-63 All ungulates Cold Gese et al. (1996)
season
9 Red deer (wolf | Cold Wilmers et al.
kills) season | (2003a, b)
South Chile Central 0.2 All ungulates Annual | Elbroch and
America Patagonia (puma kills) Wittmer (2012)

Studies evaluating human-mediated carrion (e.g. dumps, vulture feeding stations, intensive live-
stock debris or game hunting) are considered separately in Chap. 8
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Covering over 70% of the planet’s surface with a volume of 1332 billion km?, the
marine system is both the largest environment on earth and also one of the least
accessible and least understood (Glover et al. 2010; Ramirez-Llodra et al. 2010).
Natural food falls and fish carcasses are, in fact, relatively unusual observations
(Soltwedel et al. 2003). This is probably because most of the seafloor is deep
(>200 m); an environment which is hard to observe and where carrion is rapidly
consumed (Isaacs and Schwartzlose 1975; Bailey and Priede 2002). Considering the
nine largest whale species, it has been calculated that at any given time there is a
fresh (i.e., with soft tissue) whale carcass on the sea floor every 16-36 km (Smith
and Baco 2003).

In some rivers of the North Atlantic and North Pacific regions, salmon runs may
signify a massive input of nutrients. For example, rivers of the Bristol Bay in Alaska
(400 km long and 290 km wide) receive annually around 5.4 x 107 kg of adult
salmon from the ocean. These salmon, whose biomass was gained mostly in the sea,
will die shortly after spawning, thus subsidizing a complex array of both terrestrial
and fresh water scavengers and decomposers (Gende et al. 2002). Terrestrial ani-
mals can also subsidized aquatic ecosystems through the provision of carrion
(Pringle 2017). For instance, the mass drowning of wildebeests (Connochaetes
taurinus) crossing the Mara River in the Serengeti (Africa) during the annual migra-
tion provides an annual input of 1,100 tonnes of biomass entering the river system
(Subalusky et al. 2017).

Per Mortality Cause

Both in terrestrial and aquatic systems, carrion biomass provision depends chiefly
on the mortality cause. Among natural sources of mortality, the main distinction is
made between carrion supplied in the form of predator kills and other sources of
carrion (see Sect. “Causes of Carrion Production”). While the latter result in com-
plete carcasses being available to scavengers, only a portion of predator kills (i.e.,
the part not consumed by the predator) can be accessed by scavengers. In Bialowieza
Forest (Poland), Selva (2004) found that 35% of ungulate carrion was provided by
disease and/or starvation, whereas predation by wolves (Canis lupus) and Eurasian
lynxes (Lynx lynx) was responsible of 30% and 1% of carrion supply respectively
(the remaining 34% of total ungulate carrion biomass was carrion of harvested ani-
mals left in the forest). In the Serengeti (Tanzania), 55-92% (depending on the
month) of ungulate carcass supply to vultures comes from causes other than preda-
tion (Houston 1974). The abundance and nature of the predator is also important in
determining how much of the predator kill is available to scavengers (Mole6n et al.
2014; Table 1). For instance, solitary carnivores and those that do not return to their
kills once satiated (e.g., cheetah Acinonyx jubatus) may leave more carrion per indi-
vidual carcass in general than social ones (e.g., lions Panthera leo; Hunter et al.
2006; Elbroch and Wittmer 2012) and those that guard their kills for future con-
sumption (e.g., leopards P. pardus; Kruuk 1967; Hunter et al. 2006).
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Carrion Production in Relation to Species and Individuals

Carrion supply can also be strongly influenced by species identity, as it will deter-
mine carcass size and the rate at which carcasses are produced. Thus, large species
would provide more carrion than smaller ones, and highly productive species would
produce more carcasses than less productive ones (Fig. 1). Houston (1985) showed
that Neotropical forests provide a greater food supply to vertebrate scavengers than
Afrotropical forests due to the higher biomass and smaller average size (and thus
higher average turnover) of herbivorous mammals in the former. In addition, obvi-
ously, population abundance must be considered when determining how much car-
rion biomass can be produced by a given species. In Biatowieza Forest, red deer
(Cervus elaphus) and wild boar (Sus scrofa) supply more carrion per year (3522 and
2417 kg, respectively) than larger (moose Alces alces, 404 kg; European bison
Bison bonasus, 1600 kg) and smaller ungulates (roe deer Capreolus capreolus,
100 kg; Selva 2004).

Megaherbivores, i.e., herbivores weighing above 1000 kg (Owen-Smith 1988),
are normally free from predation, especially as adults. Thus, megaherbivore carrion
supply, mostly in the form of whole carcasses from sick, malnourished and senes-
cent individuals, is an important contribution to the total carrion biomass in some
African ecosystems, especially once depression of populations of elephants
(Loxodonta africana) and other large herbivores by humans ceases and a stationary
age distribution is reached (Pereira et al. 2014). The same basic pattern is expected
to occur in the oceans, where whales, large sharks, marine mammals and large tur-
tles are scarcely subject to predation (e.g., Heithaus et al. 2008).

Fig. 1 Carrion supply A
magnitude (high vs. low) in
relation to the size and
productivity of animals

under natural conditions. ”‘ &
Note that there are no very
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animals. Credits: the
chapter authors
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Another major factor influencing how much carrion is produced is individual
identity. Sex, age and body condition strongly determines individuals’ vulnerability
to mortality (Pereira et al. 2014). For instance, newborns, calves and old animals
(Husseman et al. 2003; Barber-Meyer et al. 2008), as well as pregnant females
(Molinari-Jobin et al. 2004) and male ungulates competing for mating rights
(FitzGibbon 1990), are especially vulnerable to predation.

Because of their high biomass, marine mammals are almost certainly one of the
main contributors of vertebrate carrion to the marine system. However, the evi-
dence of carcasses is rare. Marine mammal mortality is in fact estimated by moni-
toring their population through regular censuses, and losses from the population
can be identified by simultaneous analysis of live resighting and dead recovery
mark-recapture data. This method has been used to estimate an average first year
survival in grey seals in Britain of ca. 20% for males and ca. 60% for females (Hall
et al. 2001).

Factors Modulating Carrion Availability and Quality

The number of animals dying within and across ecosystems, the cause of death and
the species and individual identity of carcasses are not the only factors influencing
the amount of carrion biomass available to vertebrate scavengers. Carcass location,
weather conditions and biotic interactions can greatly modulate carrion accessibil-
ity to scavengers in space and time. For scavengers that rely mainly on visual cues
to detect food, vegetation cover and structure may crucially influence the rate and
speed at which carrion is encountered (Ogada et al. 2012; Fig. 2). Some debilitated

yes : yes

: (depending
on weather
0 d't_io s)

Fig. 2 Vegetation cover and structure may influence the ability of scavengers to locate carcasses
(indicated by arrows). Soaring scavengers will rarely see a carcass located below dense tree canopy
(a), whereas carcasses located in open habitat (b, ¢) may be easily found. Non-flying scavengers
may readily see a carcass located within short grass, irrespective of the presence (a) or absence (b)
of trees; however, they will find more difficulties in seeing a carcass located within tall grass (c).
Difficulties in locating carcasses by sight can be overcome by acute sense of smell, provided that
weather conditions do not dissipate odorants produced by carrion. Similar scenarios can be
expected in aquatic environments. Credits: the chapter authors
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animals such as malnourished megaherbivores often die near surface water
(Conybeare and Haynes 1984). Due to vegetation encroachment along river and
lake margins, such carcasses may be hardly accessible to certain scavengers such as
large birds. Windy and rainy conditions will limit the capacity of soaring birds such
as vultures and other large raptors to forage (Houston 1979; Selva et al. 2005).
Rainfall can also reduce the olfactory capacity of mammalian carnivores (Savage
1977; Ruzicka and Conover 2012). In addition, carcass location by olfactory scav-
engers may be constrained by high temperatures and low humidity (Ruzicka and
Conover 2012). In general, large carcasses are more accessible compared to car-
casses of small animals that may appear in hollows inaccessible to most scavengers
(Cox and Smith 1992, but see DeVault and Krochmal 2002).

Both inter- and intra-specific interactions, mediated by differences in behavioural,
ecological, morphological and physiological traits among vertebrate obligate and
facultative scavengers may influence the ability to find and consume carrion (Kendall
2013; Mole6n et al. 2014; Sebastian-Gonzélez et al. 2016; Moreno-Opo et al. 2016.
First, mentioned above, predator kills may provide important quantities of food to
scavengers (e.g., Kruuk 1967). Indeed, carrion provided by predators such as wolves
is increasingly important in northern areas where milder winter weather conditions
are reducing the number of carcasses produced by other causes during this critical
period (Wilmers et al. 2003a, b; Selva et al. 2005; Wilmers and Getz 2005; Wilmers
and Post 2006; Wikenros et al. 2013). Second, predators themselves and scavengers
that rapidly arrive to the carcass may signal carcass location to other scavenger spe-
cies and individuals (Attwell 1963; Kruuk 1967, 1972; Prior and Weatherhead 1991;
Cortés-Avizanda et al. 2012; Kendall 2013; Cortés-Avizanda et al. 2014; Kane et al.
2014). Third, large mammalian carnivores and certain vultures may facilitate access
to the interior of thick-skinned carcasses to less powerful scavengers by tearing open
the tough hide (Attwell 1963; Stahler et al. 2002; Selva et al. 2003). Fourth, competi-
tion, both exploitative and interference (Birch 1957; Begon et al. 2006), may limit
access to carrion by competitively inferior scavengers such as small mammalian car-
nivores (Kruuk 1967, 1972; Schaller 1972; Houston 1974, 1979; Kendall et al. 2012;
Kendall 2013; Moleén et al. 2015). In this sense, the lack of specialist carrion con-
sumers—such as Gyps vultures that quickly locate and deplete carrion resources
(Houston 1979; Sebastian-Gonzalez et al. 2013; Cortés-Avizanda et al. 2014,
Sebastian-Gonzalez et al. 2016; Morales-Reyes et al. 2017b)—in cold environments
increases the duration of carcasses and thus could favour other carrion consumers. In
British Columbia (Canada), in absence of obligate scavengers, biomass of salmon
carrion—which is highly predictable and easy to handle—in estuarine environment
was positively related not only with the abundance of scavengers but also with the
diversity of the scavenging community (Field and Reynolds 2013).

The composition of invertebrate communities also can affect the temporal avail-
ability of carcass resources and, by extension, the composition of vertebrate scaven-
ger communities. Houston (1985) showed how fly larvae completely consume
carcasses of 2—10 kg within 3 days in Afrotropical forests, whereas in Neotropical
forests a complex community of ants suppresses maggot infestations on carcasses,
thereby extending the availability of carcasses to vertebrates to over 10 days
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(Houston 1985, 1988). Houston (1985) speculated that this temporal regulation of
the food supply by invertebrates contributed to the presence of vultures in forested
regions in South America, as opposed to Africa, where vultures are confined to open
savannahs and grasslands.

Microbial decomposers can quickly render carcasses inedible to most would-be
scavengers by producing toxic compounds on carcasses (Janzen 1977; Burkepile
et al. 2006; Shivik 2006). Microbes are more active as temperatures increase
(Putman 1983; Carter et al. 2007), and several studies have demonstrated that verte-
brates consume fewer available carcasses in warm weather compared to cold
weather (DeVault et al. 2004; Selva et al. 2005; Parmenter and MacMahon 2009),
likely due to increased activity of decomposers at higher temperatures. A factor
closely related to microbial activity is carcass size: the larger the carcass, the longer
the time needed to be consumed and, consequently, the greater the putrefaction
(Pereira et al. 2014; Moleén et al. 2015). However, competition for food among
vertebrate scavengers is reduced at very large carcasses (Moledn et al. 2015).

Similar to the terrestrial environment, the temporal availability of carrion to
marine scavengers may be influenced by bacteria which affect carrion consump-
tion. Unlike in terrestrial systems, internal decomposition may make the carcass
buoyant so that it leaves the seafloor, removing carrion from the reach of some
scavengers and giving access to others. Another difference in marine systems is that
in large carrion items such as whale falls in deep water, the actions of bacteria result
in overlapping stages of ecological succession (Bennett et al. 1994; Smith et al.
1998; Beasley et al. 2012). In these circumstances anaerobic bacterial decomposi-
tion of bone lipids (sulphophilic stage) occur after the removal of the soft tissue by
necrophages (mobile-scavenger stage) and the colonisation of the bones and the
nutrients-enriched sediments by assemblages of macro-benthic organisms (enrich-
ment-opportunist stage). During decomposition, a chemosynthetic assemblage may
develop where carbon is fixed from the water column using the energy released by
the oxidation of sulphides in whale bones. In shallow waters, microbes were found
to cover the skin of marine mammal carrion creating a bacterial mat that possibly
prevents consumption by larger carrion consumers (Glover et al. 2010; Quaggiotto
et al. 2016). Microbe-laden fish carrion, in fact, was colonised at lower extent than
fresh carrion by scavengers such as crabs, demonstrating that bacteria can act as
deterrent to scavenging activity (Burkepile et al. 2006).

Spatial Variation in Carrion Availability

The most likely place to find carrion is, of course, where live animals can be found,
and more specifically, where they die (Olea and Mateo-Tomds 2009; Mateo-Tomds
and Olea 2010). Thus, to determine spatial variation in carrion availability, one must
consider where animals spend time during various activities. Also, because some
individuals are consumed completely by predators immediately after their death and
thus do not contribute to the pool of carrion available to scavengers (Houston 1974,
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1979), spatial variation in carrion availability is also influenced by differences in
cause-specific mortality across species and locations (see above). In this section, we
briefly consider factors that affect carrion availability across space by examining
where animals tend to die, and how the cause of death influences carrion availability
across locations. First, we focus on terrestrial ecosystems, which differ from aquatic
ecosystems in that animals that die on land typically do not move after death before
consumption, whereas animal carcasses in water often sink, float or are moved by
currents (Beasley et al. 2012; see Sect. “Aquatic Ecosystems”).

Terrestrial Ecosystems

Some areas of the home range are more dangerous than others, and thus certain
causes of death are associated with predictable locations. In an example highlight-
ing particularly risky locations, male birds reduced nest visits to feed incubating
females when perceived predation risk increased, suggesting that mortality is higher
at the nest than elsewhere in the home range (Ghalambor and Martin 2002). Carrion
also can be found predictably along migration routes and at grazing areas for wild
and domestic ungulates (Houston 1974; Olea and Mateo-Tomas 2009; Kendall et al.
2014). Scavengers are known to take advantage of predictable carcass locations; for
example, some scavenging birds preferentially forage for carrion along roads
(Lambertucci et al. 2009).

Unfortunately, few data are available on locations of animal carcasses that die
from exposure to toxins, parasites, disease, extreme elements, or starvation, as
studies of cause-specific mortality rarely report this information (see Collins and
Kays 2011). Even so, it seems likely that individuals dying from these causes might
come to rest in less predictable locations than those that are killed by predators or
human-related causes (e.g., collisions with vehicles and structures). For example,
rodents exposed to anticoagulant poisons were found dead both in the open and in
underground burrows (Cox and Smith 1992; Howald et al. 1999; Tuyttens and
Stuyck 2002). We note that although underground carcasses might be unavailable
to many scavengers, some species such as snakes could be well suited to detect,
find, and consume such carcasses (Cowles and Phelan 1958; DeVault and Krochmal
2002). Sometimes, places of death are predictable at the microhabitat scale. For
instance, weakened African elephants tend to die near water holes (Conybeare and
Haynes 1984).

At a biogeographical scale, some patterns in carrion availability can be identi-
fied. Neotropical forests seem to provide a greater food supply to vertebrate scaven-
gers than Afrotropical forests due to the higher biomass and average turnover of
herbivorous mammals in the former (Houston 1985). In addition, as mentioned in
Sect. “Factors Modulating Carrion Availability and Quality”, carcasses remain
available to vertebrates in Neotropical forests for longer periods than in Afrotropical
forests likely due to interactions among the invertebrate community.



Carrion Availability in Space and Time 33
Aquatic Ecosystems

Fresh marine mammal carrion may not often be detectable because it is rapidly
scavenged or decomposed at sea (Gulland 2006), making it challenging to deter-
mine its distribution in space. The fact that their skeleton or bones last longer could
reveal some spatial patterns. However, the discrepancy occurring between where a
marine mammal dies and where its body is transported, regardless it ends up with
either a fall onto the seabed or a stranding on the shore, suggests that movements of
carrion in the aquatic ecosystem involve a larger spatial and three-dimensional scale
than carrion originated on land (Beasley et al. 2012). In water, mobility of carrion
can be facilitated not only by currents and waves, but also by body density of the
carcass and decomposition processes undergoing inside it. Body composition (blub-
ber and lean) of the carcass determines its buoyancy (Peltier et al. 2012); putrefac-
tion gases can cause its flotation (Reisdorf et al. 2012). Pressure and temperature
also concur in facilitating movements of carrion: in particular, conditions of 15
atmosphere (atm) of hydrostatic pressure prevent the re-floating of large whales
(>40 tons) in cold water (Smith and Baco 2003); whereas a carcass of a harbour
porpoise (Phoceona phocoena, ca. 60-70 kg) at temperature above 4 °C is likely to
surface in shallow waters (Moreno et al. 1992). Over the process of decomposition
and consumption individual carrion items may be available to more than one type of
scavenging assemblage depending on where the carcass is transported, with differ-
ent consequences for the eventual fate of the energy and nutrients within it. Floating
bodies may be exposed to scavenging birds when floating at the water surface or
when stranded on the shore (Hewson 1995). Damage by scavenging birds may com-
promise the integrity of floating carcasses (Hewson 1995) and cause its sinking
back to the seabed making it available again to the marine community. Overall,
whale carcasses are expected to be most frequently found along migration routes
and around feeding grounds, which use to be located near ocean margins (Smith and
Baco 2003).

An environment where carrion is naturally available in high abundance is
iceberg-scoured shallow coastal waters. Here benthic communities are periodi-
cally crushed and scraped from rocks, or ploughed into/from the sediment by the
action of moving ice. Scavenger assemblages and activity are highly spatially
variable. This variation can be between areas of different aspect (Smale et al.
2007) and depth (Dunlop et al. 2014). These differences presumably reflect the
supply of carrion and the risk of death to the scavengers themselves. There is
presumably an intermediate level of carrion impact, which is optimal for scaveng-
ing. At extremely high level of scouring there will never be much biomass to turn
into carrion, with only biofilms having time to grow between impacts and the
scavengers themselves could not survive. At very low levels of impact there will
be little mortality to provide the carrion and so an intermediate level of iceberg
impact is necessary (Dunlop et al. 2014).

In North Atlantic and North Pacific rivers, salmon carrion is expected to con-
centrate around spawning sites, where most adult mortality occurs (Gende et al.
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2002). Naturally, currents, physical barriers and consumption rates by scavengers
will largely determine to which extent this pulse of salmon carrion is expanded
down the river.

Temporal Variation in Carrion Availability

Much like spatial variation in carrion availability, temporal variation in carrion
availability is dependent on the cause of death. Starvation, predation, disease, expo-
sure to extreme elements, and several human-related causes of death can fluctuate
substantially in magnitude and thus provide carcasses to scavengers at differing
rates across the year and between years (DeVault et al. 2003; Wilson and Wolkovich
2011; Pereira et al. 2014).

Terrestrial Ecosystems

Seasonality in carrion supply is a common feature of seasonal ecosystems, where
ungulate mortality resulting from causes other than predation is related to the period
of the year when food availability is limited and thermal stress is maximum. In north-
ern latitudes, this takes place during the winter, while in African savannahs, it occurs
toward the end of the dry season (see Pereira et al. 2014 and references therein). These
limiting conditions can be especially harsh in some years, thus producing inter-annual
oscillations in carcass production. For example, herbivore carcasses in Kruger
National Park are very abundant during disease outbreaks and severe droughts, to the
point that a number of them may remain uneaten (Owen-Smith and Mills 2008).

Although carrion resources are often produced in pulses, in some areas carrion is
present consistently across the year and between years at the landscape scale. This
consistency in available carrion is evident by the occurrence of resident vulture
communities (e.g., across much of the Americas and parts of Africa, Asia and
Europe), which subsist almost exclusively on carrion (Houston 1979; DeVault et al.
2003; Moleon et al. 2014).

Carrion availability through time can be strongly influenced by vertebrate preda-
tors. In one well documented example, Wilmers and colleagues (Wilmers et al.
2003a; Wilmers and Getz 2004, 2005; Wilmers and Post 2006) studied how carrion
resources in Yellowstone National Park, USA, changed after the reintroduction of
wolves. They found that predation on elk by wolves changed the nature of carrion
available to scavengers from a predominantly pulsed resource resulting from a late-
winter influx of whole carcasses (caused by starvation of elk and other herbivores in
harsh environmental conditions) to a more temporally-stable resource resulting
from partial consumption of elk killed by wolves. Wolves thus provided a temporal
subsidy to their smaller congeners, coyotes (Canis latrans), and other vertebrate
scavengers by reducing the variation in carrion availability within and across years.
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Without human interference, carrion in the ocean is infrequent in time and space
(Britton and Morton 1994). Carrion availability derived from marine mammals such
as whales has changed over historical time (Smith and Baco 2003). Before whaling
there would have been natural mortality, leading to the majority of cetacean car-
casses being made available to scavengers. Nowadays, after implementation of con-
servative measures, whale falls may follow a seasonal pattern according to annual
migrations (Smith and Baco 2003; Roman et al. 2014) and environmental condi-
tions occurring at that time. For instance, the unusually high mortality of grey
whales (Eschrichtius robustus) along the migratory route in 1999 was linked to the
undernourished body conditions displayed by the stranded animals due to low
amphipod biomass, their main food source. Higher sea temperatures, together with
an increase in whale population density, were hypothesised to be the principal rea-
son explaining the fatally low prey availability (e.g. Le Boeuf et al. 2000). Little is
known about temporal availability of carrion in the ocean as most of the information
available on this topic is the result of analysis on seasonal patterns of strandings
(Peltier et al. 2013), whereas direct observations of carcasses at sea are rare (Smith
et al. 2015).

Fish populations also change in predictable ways, probably providing temporal,
but also spatial, variation in the carrion they supply. Deep sea fish populations
appear to respond to changes in carrion availability due to migration. Inter-annual
variation in abyssal fish numbers can be linked to variation of the Pacific hake
(Merluccius productus) spawning aggregation in the waters overlying them (Drazen
et al. 2012). Temporal trends in fish mass mortality can be predicted by determined
environmental conditions more likely to occur seasonally (Stachowitsch 1984;
Schoenebeck et al. 2012) or globally driven (Marsh et al. 1999). Salmon carcasses
in rivers of the northern Hemisphere are available only in a short period of time after
spawning (Gende et al. 2002).

Iceberg action leading to carcass production is also highly seasonal, dropping
dramatically in winter when sheets of “fast ice” lock icebergs into position and
occurring again in the spring. Cold winters with longer periods of fast ice presence
result in lower levels of iceberg scouring (Smale et al. 2008).

Carrion Exchange at the Terrestrial-Aquatic Interface

Coastal regions are often massively affected by marine-derived inputs transferred
from the ocean to the terrestrial ecosystem (Polis and Hurd 1996a, b; Polis et al.
1997; Rose and Polis 1998) by biotic factors such as marine currents, air circulation
and weather conditions. Strandings of carrion, which are the evident results of mor-
tality events happening at sea, occur when positively buoyant carcasses disperse
from the original location of death and drift towards the coastline. Natural mortality
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of cetaceans, for instance, generates single unpredictable carcasses in the ocean,
which can be possibly washed on the coast. Mass stranding can be classified as
unusual mortality events (UMEs; Marine Mammal Protection Act) when for ini-
tially unknown reasons a large part of the population dies. These events, whose
causes can be related to biotoxins, bacteria, parasites, human interactions and
oceanographic conditions, are also spatially unpredictable phenomena, in which
marine mammals strand in a delimited space and during a limited time (Wilkinson
1991). Stranding data can reveal supplementary information on the spatial distribu-
tion of fatalities and their post-mortem movements: from the position of the strand-
ing it is possible, in fact, to estimate the original location where the animal died by
reconstructing the animal’s drift by modelling local sea currents and tides (Peltier
et al. 2012; Santos et al. 2018).

Mass mortality caused by El Nifio, instead, might be predicted as it periodically
affects the east-central tropical Pacific Ocean. During the El Nifio, California sea
lion (Zalophus californianus) fatalities were dominated by malnourished juveniles
(Greig et al. 2005), as the mothers spent more time at sea searching for food, which
was drastically reduced by the environmental perturbation, instead of lactating the
pups (Ono et al. 1987). The lack of food and the anomalous sea conditions created
during El Nifio can affect the survival of seabirds, which also die at sea and are
washed ashore (Piatt and van Pelt 1997).

In addition to the abiotic transfer of resources, transport of marine nutrients
can also occur when animals move from one system to another. Salmon, for
instance, has already been shown to play a fundamental role in this process affect-
ing different components of the ecosystem (Cederholm et al. 1999). Every year, in
defined spawning areas up stream, salmon carcasses represent a source of carrion
that enriches soils and plants, locally releasing nutrients (e.g. Quinn et al. 2009;
Hocking and Reimchen 2009). This impact is long term as its signal is still detect-
able in historically salmon-bearing stream (Koyama et al. 2005). Moreover, pre-
dictability of salmon runs in riparian systems is responsible for the synchronisation
between feeding strategy and food input in black bears (Ursus americanus) and
more recently in wolves (Reimchen 2000; Darimont et al. 2003). Carcasses of
moose, which widely forage on aquatic plants, mean an important nutrient trans-
fer pathway from freshwater to terrestrial systems in the circumpolar region
(Bump et al. 2009).

Likewise, marine mammals affect coastal systems and their impact is sub-
stantial when they assemble in colonies for breeding. Here, they provide sources
of nutrients in terms of carrion which are used either directly by above ground
secondary consumers, or indirectly by increasing the input of nutrients from
excreta (Anderson and Polis 1998). In Scotland, for instance, placentae and
dead seals produced at a grey seal (H. grypus) colony represent a valuable food
resource for scavenging gulls during the cold season (Quaggiotto et al. 2018).
Due to the proximity to the sea and the inherent tidal and wave action, carcasses
may be dislodged and potentially affect also the intertidal and sublittoral marine
scavengers.
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Death is a fundamental component of ecosystems. Every year, many kilograms of
carrion biomass (tens to hundreds according to the reviewed studies) are produced
in terrestrial systems per km? (see chapter “Human-Mediated Carrion: Effects on
Ecological Processes” for human-mediated carrion and the possible impact of
global environmental change on the spatiotemporal availability of carrion resources).
This figure can be substantially higher in well-preserved coastal environments with
large colonies of marine mammals. Also, salmon and other fish spawning provide
massive carrion pulses. The magnitude of carcass supply, as well as its quality and
availability to scavengers, is the result of many interacting factors such as animal
density and turnover rates, the cause of death, carcass location, weather conditions
and biotic interactions (both among and within vertebrates, invertebrates and micro-
organisms). In addition, carrion biomass available to scavengers may vary among
species and individuals. However, despite its paramount importance for understand-
ing carrion ecology, carrion supply remains largely understudied compared to car-
rion consumption. For instance, the relationship between interspecific interactions
and carrion provision and nutritive value deserves further scientific attention.

The spatial predictability of carrion varies greatly, depending on carcass type,
cause of death, and ecosystem. Future research on cause-specific mortality (Collins
and Kays 2011) should consider reporting the exact location of death (i.e., for radio-
marked animals) so that spatial variation in carrion availability can be more accu-
rately defined. The availability of carrion to scavengers can also vary according to
the temporal scale considered. In some situations, temporal variation of carrion sup-
ply is linked to spatial variation. For example, shortly after spawning (once per
year), semelparous salmon die in large numbers in rivers, and many scavengers take
advantage of this resource in the limited area where it occurs (Bennetts and
McClelland 1991; Hewson 1995). In contrast, animals in temperate and arctic
regions commonly die from starvation during extended periods of cold weather
(Wilmers et al. 2003a); these carcasses are produced in a temporal pulse, but can be
found scattered across extensive areas.

The spatiotemporal availability and quality of carrion can substantially influence
the density and diversity of scavengers occupying an area (DeVault et al. 2003;
Wilson and Wolkovich 2011; Barton et al. 2013). The growing field of scavenging
ecology would benefit from further investigations quantifying the spatiotemporal
availability of carrion for vertebrate scavengers across regions. More studies are
needed in some continents and on islands. Quantitative studies in aquatic systems
are especially encouraged, as well as those evaluating carrion exchange between
terrestrial and aquatic environments. Multi-species approaches would be especially
welcome. For instance, quantifying carrion biomass produced by small and highly
productive animals versus large and less productive animals may be particularly
interesting. The influence of microhabitat characteristics on carcass availability and
accessibility to scavengers that rely on vision versus those with high olfactory skills
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should be further investigated. In summary, the fields of carrion ecology and man-
agement would largely benefit from the study of the many mysteries related to the
spatial and temporal availability of carrion that remain unresolved.
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Introduction

Carrion is a rich and ephemeral resource that supports a large number of sequen-
tially colonizing microbial, invertebrate and vertebrate fauna that utilize the resource
over time. As carrion degrades, it progresses through rapid biological, chemical and
physical changes, while supporting an equally changing ecosystem. Many abiotic
and biotic factors impact this process.

In this section of the chapter we focus exclusively on the invertebrate use of car-
rion in both terrestrial and aquatic ecosystems, and consider the role of different
groups of invertebrates, along with the biotic and abiotic parameters that influence
their succession. The most important invertebrate group on terrestrial carrion is the
insects, and this will be a focus for the chapter. However, we will cover the role at
carrion of other groups, such as the crustaceans, arachnids, nematodes and mol-
luscs. The terrestrial and aquatic ecosystems (both freshwater and marine) will be
considered separately in order to compare and contrast the roles of invertebrate
groups in these different environments, and to help highlight how carrion inverte-
brate ecology is influenced by a mixture of biotic and environmental factors.

We will also briefly discuss the intimately linked concept of decomposition,
which is the chemical and material breakdown of a carcass. Decomposition has
been divided into discrete stages by a number of authors (e.g. Early and Goff 1986;
Payne 1965; Smith 1986), although in practical terms, stages occur on a continuum,
and their separation can be somewhat subjective (Early and Goff 1986; Michaud
et al. 2015). Stages of decomposition can also differ between parts of the same car-
cass in some cases, which increases the complexity of assigning a definitive stage
(Anton et al. 2011; Matuszewski et al. 2010). Decomposition stage change is a pow-
erful driver of invertebrate succession because the species that attend carrion are
often adapted to utilize it at certain times in its breakdown. Conversely, invertebrate
activity is a major driver of decomposition (Payne 1965). This is especially true of
the larvae of blow flies (Diptera: Calliphoridae) in the opening decay stages, because
their feeding and mechanical activity has the potential to liquefy the tissues (Hobson
1932), as well as remove a significant amount of biomass (Putman 1977). Other
invertebrate families, however, such as the hide beetles (Dermestidae), may also be
responsible for significant biomass removal in the mid and later decomposition
stages.

Terrestrial Colonization

The phenomenon of carrion colonization by invertebrates is imperfectly under-
stood due to the complexity of the chemical and visual cues utilized (see below).
However, there are both obligate species, which must use carrion to complete their
lifecycle, and facultative species, which attend carrion opportunistically. Facultative
species can often utilize a range of alternative decaying organic materials such as
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dung or rotting plant matter, and sometimes resources such as the flesh of living
animals. There are also incidental species that do not visit carrion specifically, but
may use it as a hunting ground, or carry out other activities on the carcass, such as
mating.

It is becoming clear that carrion colonizing taxa use a cocktail of chemical attrac-
tants to track carrion from long range (Kalinova et al. 2009; Zhu et al. 2013). Short
range cues, however are used where visual and tactile contact is made with carrion,
and these cues may include red/brown colour, hair bearing texture, and heat. The
value of these cues is certainly suggested by mimicry of carrion by flowers that use
carrion insects as pollinators (Angioy et al. 2004). Although there is a diverse inver-
tebrate fauna that attends carrion, some taxa are predictably associated with particu-
lar decomposition stages, whereas others may be more flexible in their visitation
times. The latter is especially true of the facultative and incidental taxa (Archer
2003). The following section is a brief introduction to the main obligate and faculta-
tive taxa that are found on carrion.

Diptera

The Order Diptera (true flies) contains the species that are usually the first to colo-
nize carrion, and their offspring also tend to remove the most biomass, as well as
dominate the carcass numerically (Putman 1983; Smith 1986). Both adults and lar-
vae may also be the main prey species of various beetle and wasp species. Dipteran
species also have a long tenure on decomposing carcasses, with various species
from many families adapted to the early, middle and late stages of decomposition.
Dipteran species may also colonize carrion of various sizes, ranging from dead
invertebrates (Seastedt et al. 1981), to small and large vertebrates (Blackith and
Blackith 1990; Davies 1999).

Calliphoridae (Blow Flies) Calliphorid species are generally the first to arrive at
carrion, although there is often a succession of species within the family (Norris
1965). Some species, such as Chrysomya rufifacies (Macquart), can also act as ini-
tial or later colonizers depending on the geographic area (O’Flynn and Moorehouse
1979). Carrion breeding calliphorids are primarily oviparous and have a wide global
distribution; their larvae are usually responsible for removing most biomass from
carrion (Putman 1983; Smith 1986). The most common ecological niche for the
family is parasitizing earthworms and snails, although some species can also act as
agents of myiasis (infestation of living vertebrates) by fly (Diptera) larvae, or breed
in carrion and other organic matter (Colless and McAlpine 1991; Norris 1965).
Obligate and facultative carrion breeding species may use carcasses not only as
breeding pabulum, but also as a protein source for maturing egg batches and sperm,
and as a gathering place for mating. The major carrion breeding species are found
in the genera Calliphora, Chrysomya, Lucilia, Protophormia, Phormia and
Cochliomya (Byrd and Castner 2001; Smith 1986).
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Muscidae (House Flies and Allies) Muscids commonly breed in decaying organic
matter, such as faeces and compost (Byrd and Castner 2001; Pont 1973). A number
of species are facultative carrion breeders, while a few are carrion specialists, such
as some species within Australophyra and Hydrotaea. Their arrival at carrion tends
to be delayed until at least several days after death (Fuller 1934a; Smith 1986).

Fanniidae (Latrine and Lesser House Flies) Larvae of this small, primitive
family mature in decaying organic matter, including carrion (Pont 1977; Smith
1986). The family has a widespread distribution, although it is predominantly
temperate. Species such as the facultative Fannia canicularis (Linnaeus) (lesser
house fly) are cosmopolitan, and often associated with human dwellings, urine
and faeces (Pont 1977).

Sarcophagidae (Flesh Flies) Sarcophagids are viviparous or ovoviviparous, and
some species breed in carrion (Colless and McAlpine 1991; Szpila et al. 2015).
Recent Australian taxonomic research has highlighted the paucity of knowledge
about the family, which is partially due to difficulties in identification at species
level (Meiklejohn 2012). Sarcophagid maggot numbers on carrion are generally
fairly low, and it has been suggested that this is caused by strong competition from
calliphorids (Denno and Cothran 1976). Sarcophagids are widely distributed, but
are found predominantly in the tropical and warm temperate regions (Byrd and
Castner 2001). Those in cooler parts of the family’s range will often over-winter as
pupae (Chen et al. 1991; Fuller 1934a).

Miscellaneous Families A number of additional dipteran families have a less
prominent role in succession, but will also utilize carrion for breeding, protein feed-
ing and mating. In many cases where species of these families breed in carrion, their
use is facultative due to their ability to breed in a wide range of other decaying
organic material. Several families can produce high numbers of offspring on
medium to large carcasses. The Piophilidae (cheese skippers) is a small family with
members that breed mainly in decomposed carrion and fungus, and some species
also produce maggots capable of jumping when disturbed (Pitkin 1989; Smith
1986). The larvae of one common carrion species Piophila casei (Linnaeus) may be
on a carcass within days of death, but are most characteristic of the later decay
stages (Archer 2014; Smith 1986). Several other species can also be important com-
ponents of the carrion fauna, both as adults and larvae (Rochefort et al. 2015).

Phoridae (scuttle flies) and Psychodidae (moth flies) adults and larvae may also
be found on vertebrate carrion (Manlove and Disney 2008; Smith 1986). Phorids
can also breed in invertebrate carrion (Seastedt et al. 1981), and are well known
for the association of several species, such as Conicera tibialis Schmitz (the coffin
fly), with buried remains (Smith 1986). Some families will occasionally produce
small numbers of maggots on carcasses, and/or use the carcass to aggregate for
mating. These include the Sepsidae (ant flies), Sphaeroceridae (small dung flies),
Stratiomyiidae (soldier flies), Sciadoceridae, Anisopodidae, Drosophilidae (vine-



Invertebrate Scavenging Communities 49

gar flies), Ephydridae (shore flies), Heleomyzidae (sun flies), Platystomatidae
(boatman flies), Syrphidae (bee flies), Ulidiidae (picture-wing flies), Trichoceridae
and Scenopinidae (window flies) (Byrd and Castner 2001; Fuller 1934b, 1935;
Smith 1986).

Coleoptera

The Order Coleoptera (beetles) forms an important part of the carrion fauna. Most
are predators on other carrion inhabitants, although some feed on the carcass itself
(Smith 1986). The first beetle species usually arrive within a few days of death, and
adult and larval beetles of various taxa can remain associated with a large carcass
for weeks to months after death (e.g. Anderson and VanLaerhoven 1996; Archer
2014).

Silphidae (Carrion and Burying Beetles)

The beetles that arrive earliest at carrion are the unique burying beetles of the family
Silphidae. They specialize in the rapid burial of small mammal carcasses, which are
formed into brood balls for their offspring (Eggert and Mulller 1997; Putman 1983).
The silphids are distributed predominantly in the northern hemisphere (Matthews
1982), and many species that do not bury carrion also occur worldwide (e.g. Payne
1965; Peck 2001). Adults of non-burying species usually feed on flesh, dipteran
maggots and dead insects, while their larvae can consume large amounts of putrefy-
ing flesh and skin (Peck 2001). Larvae of non-burying silphids, such as Ptomaphila
lacrymosa Schreibers may be the main agents of tissue removal in late decay
(Archer 2000).

Histeridae (Clown and Burying Beetles) and Staphylinidae (Rove Beetles)
Also often arriving during early putrefaction are the Histeridae and the
Staphylinidae. Species from these predatory families arrive early to take advan-
tage of the abundant dipteran eggs, larvae and pupae. But these families may have
tenure times on large carcasses of over three months, with their larvae appearing
during late decay (Archer 2014). Some species of the staphylinid genus Aleochara
also parasitize the pupae of carrion breeding Diptera (Seevers and Herman 1978;
Smith 1986).

Dermestidae (Hide Beetles)

Families, such as Dermestidae, that commonly occur during mid to late decomposi-
tion are often able to feed on dried flesh. They can also be found in the nests of both
vertebrates and invertebrates, where they feed largely on remnants of prey left by
the nesting species, or on nest occupants that have died (Hinton 1963).

Cleridae (Checkered Beetles)

Cleridae (checkered beetles) of the genus Necrobia will also feed on flesh, as well
as being predaceous (Simmons 1925; Smith 1986). They are primarily present dur-
ing late decay.
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Fig. 1 Trogidae on a
Kangaroo (Macropus
giganteus Shaw) Carcass
(Photo by P. Barton)

Trogidae (Skin Beetles)

Trogidae (skin beetles) occur in mid to late decay, and feed on skin, feathers and
connective tissues. Their larvae develop in burrows under the carcass (Matthews
1984; Smith 1986). Trogids can sometimes occur in large numbers on the dried
remains of carcasses (Fig. 1).

Miscellaneous Families

There are a number of other coleopteran families that also visit carrion occasionally on
a facultative basis. The mainly predatory Carabidae (ground beetles) can associate with
carcasses in early, mid or late decay (Anderson and VanLaerhoven 1996; Chapman and
Sankey 1955; Smith 1986). Ptiliidae (featherwing beetles) feed on fungal spores and can
be found on carrion (Easton 1966; Matthews 1982; Payne and King 1970). Both adult
(Payne and King 1970) and larval Scarabaeidae (dung beetles) may be associated with
carrion (Byrd and Castner 2001), with dung beetles often recorded at the carcasses of
large herbivores where they may feed on the gut contents. The mainly aquatic family
Hydrophilidae (water scavenger beetles) has terrestrial representatives, and Cercyon
spp. adults are often collected in succession studies (Chapman and Sankey 1955; Easton
1966; Moore 1955). They are thought to prey on dipteran larvae (Smith 1986). Some
species of Nitidulidae (sap beetles) are attracted to carrion (Byrd and Castner 2001;
Moore 1955; Payne 1965), and will breed in it (Anderson and VanLaerhoven 1996).
Adults of Leiodidae (round fungus beetles) are also commonly captured at carrion
(Zwick 1979). Adults have been observed feeding on nematodes, and leiodid larvae may
occur in the soil under largely decomposed carcasses (Archer 2002).

Other Invertebrates

Despite insects being the dominant taxon at carcasses, there are several other inver-
tebrate taxa frequently encountered at carrion in terrestrial environments, including
many different groups within the Phylum Arthropoda (such as mites and spiders)
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and other phyla (such as Nematoda and Mollusca). Some of these taxa are faculta-
tive and do not specialize on carrion, but will opportunistically scavenge on carrion
or other insect-generated detritus. Other invertebrate taxa are predators that will
take advantage of the concentrated and abundant invertebrates present at the remains
of an animal. Importantly, some of the groups are considered incidental, do not
occur in high numbers, and are not reliably observed at carcasses. Knowledge of
their colonization and succession patterns at carrion is often poor, and they have not
received as much research attention as the other main groups (see above).

Mites (Acari) can be the most numerous of all arthropods at carrion, and can
reach densities of many tens of thousands of individuals at a medium sized mammal
carcass (Perotti and Braig 2009). Many mites display phoresy, and depend on larger
flies or beetles for their dispersal between carcasses. Mites will feed on nematodes,
fly eggs, and probably also scavenge on small fragments of carcass and insect detri-
tus. The most abundant are typically the Astigmata (O’Connor 2009). Several stud-
ies of Mesostigmata have shown that their arrival coincides with their insect hosts
(Barton et al. 2014; Perotti and Braig 2009), but their abundance may peak later
following their rapid reproduction and population growth at the carcass (Barton
et al. 2014).

Spiders (Arachnida) are obligate predators and can be found sporadically at
carcasses preying on other arthropod taxa (Chin et al. 2007). Spiders can be found
more frequently at carrion where it has a disproportionally large importance as a
resource, such as on small islands or in caves (Barton 2015).

Some minor insect groups often present at carcasses include springtails
(Collembola), earwigs (Dermaptera) and cockroaches (Blattodea). These taxa are
generalist soil or surface-dwelling detritus feeders (Bornemissza 1957). Their suc-
cession patterns are only weakly associated with particular decay stages due to their
generalist diets.

Ants, bees and wasps (Hymenoptera) can all be found at carcasses, and often in
large numbers. Many species of ant will opportunistically prey on the abundant
arthropods at carrion, including fly larvae, but may also scavenge on the carrion
itself (e.g. the Australian meat ant Iridomyrmex purpureus Smith). Compared with
flies or beetles, ants cannot disperse rapidly to a carcass unless it is close to the nest
(Barton et al. 2013a), and so their arrival patterns are typically delayed for several
hours or days, and may be unpredictable. Bees have been observed at carcasses
feeding on the liquids present, possibly to target water, sodium or even proteins
(Santos et al. 2014; Silveira et al. 2005). Several groups of parasitoid wasp (e.g.
Pteromalidae, Diapriidae, Braconidae) are known to target calliphorid flies atten-
dant at carrion (Voss et al. 2009). Nasonia vitripennis Walker (Pteromalidae) is a
common parasitoid of fly larvae and much work has been devoted to its ecology and
development (Frederickx et al. 2013; Grassberger and Frank 2003). The host is
important to parasitoid development times, and therefore emergence and carrion
departure times (Voss et al. 2010).

Butterflies and moths (Lepidoptera) will opportunistically feed on the liquids
present at carcasses (Boggs and Dau 2004), but this is limited to early stages of
decay when fluids are present. Tineid moths, in contrast, are commonly reported at
carcasses where they appear to specialize on keratin-based animal components,
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such as hair, hooves, and horns (Bornemissza 1957; Braack 1987). Tineid moths,
therefore, are more common in the later, dry stages of decay when the resistant
keratinous components are left (Bucheli et al. 2010). Some other typically phy-
tophagous insects, such as grasshoppers (Orthoptera) or bugs (Hemiptera), have
been observed feeding at carcasses. It is thought that this is may be an opportunistic
behavior related to the acquisition of fluids, salts or protein (Baz et al. 2010).

Wood lice (Isopoda), also known as pill bugs or slaters, are generalist detritus
feeders that may be encountered at animal remains in terrestrial environments
(Braig and Perotti 2009). Other kinds of crustacean (e.g. Amphipoda) occur at car-
rion in either freshwater (Barrios and Wolff 2011) or marine and inter-tidal environ-
ments (Colombini and Chelazzi 2003).

Snails (Gastropoda) vary in their diet from generalist herbivores to detritivores,
and may be found at a carcass feeding opportunistically on the detritus. This taxon
is more important in marine environments where they are active and abundant detri-
tivores (Britton and Morton 1994).

Soil-dwelling nematodes (Nematoda) are a hyper-abundant taxon with a very
broad dietary range that depends on the species. Nematodes will migrate to the soil
surface and opportunistically feed on the bacteria and fungi that proliferate beneath
a carcass, although this follows no strong succession pattern (Carter et al. 2007).
Some species, however, are more specialized. The nematode, Rhabditis stammeri
Volk (Rhabtidae), for example, has been found to live exclusively on carrion and is
dispersed among carcasses by the burying beetle, Nicrophorus vespilloides Herbst
(Silphidae) (Richter 1993).

Aquatic Colonization

Freshwater Invertebrate Colonization of Carrion

The specialized necrophagous or scavenger terrestrial invertebrates that feed on car-
casses have evolved restricted dietary regimes through a long evolutionary process
that allowed for the specialization not only in the consumption of carrion but also its
detection (Fenoglio et al. 2014). While aquatic insects have exhibited high diversity,
abundance and distribution in both lotic (running water) and lentic (standing water)
ecosystems, they have managed to fill all trophic niches save one: there are no truly
necrophagous aquatic insects that feed exclusively on carrion (Fenoglio et al. 2014;
Giller and Malmqvist 1998; Merritt and Wallace 2009). Several hypotheses have
been proposed to explain the absence of such trophic specialization in aquatic sys-
tems including:

(1) due to the small proportion of all terrestrial insects being necrophagous, the
probability of necrophagy would be low among aquatic insects;

(2) aquatic insects are more plastic in their feeding roles without being specialists;

(3) the difficulty of locating carrion as a food source limiting such specialization;
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(4) the paucity both in carrion availability and rapidity of its breakdown in lotic
aquatic systems compared with terrestrial would limit trophic specialization in
aquatic systems;

(5) assuming this feeding strategy evolved from animal waste consumption, the
diversity of animal waste in aquatic systems is not as available as it is in ter-
restrial systems and;

(6) crustacean exploitation of aquatic systems as non-specialized scavengers may
have limited or excluded insects from diversifying to feed on carrion (Fenoglio
et al. 2014).

Despite the lack of ecological and evolutionary drivers to support a necropha-
gous lifestyle in freshwaters, aquatic insects have been little studied except for their
association with certain types of carrion e.g. rats (Keiper et al. 1997; Tomberlin and
Adler 1998), pigs (Barrios and Wolff 2011; Haefner et al. 2004; Vance et al. 1995)
and humans (Merritt and Wallace 2009). There has also been forensic research on
how they may be used to establish postmortem submersion intervals (PMSI)
(Haskell et al. 1989; Hobischak and Anderson 2002; Keiper et al. 1997; Wallace
et al. 2008).The PMSI estimation requires an understanding of the stages of decom-
position in aquatic systems and how faunal succession takes place in aqueous envi-
ronments as carrion decomposes.

The stages of decomposition for carrion in terrestrial systems have been well
established in the literature (Anderson and VanLaerhoven 1996; Payne 1965).
However, since earlier work by Payne and King (Payne and King 1972), the stages
of decomposition in aquatic (primarily lotic) systems have been reduced from six to
five stages due to the influence of terrestrial insects on floating aquatic carcasses
(Wallace 2015). This revised collection of stages includes: (1) submerged fresh, (2)
early floating, (3) early floating decay, (4) advanced floating decay and (5) sunken
remains (Merritt and Wallace 2009). Among these stages, the aquatic faunal players
exhibit a succession of a microbial community consisting of bacteria and fungi to a
suite of macroinvertebrate processors on a decomposing carcass (Wallace 2015).

As hypothesized by Fenoglio et al. (2014), aquatic insects exhibit a considerable
amount of plasticity in their diet which has allowed aquatic ecologists to classify
them into functional feeding groups (FFG). These groups are based on their mor-
phological and behavioral adaptations associated with food acquisition including:
shredders, scrapers, collector-filterers, collector-gatherers and predators (Cummins
1974; Cummins and Klug 1979). The primary issue associating aquatic inverte-
brates with a particular decomposition stage has been attributed to the fact that there
are no truly necrophagous aquatic insects (Fenoglio et al. 2014). However, the func-
tional feeding groups approach may be used to develop the necessary associations
between aquatic insect succession and the stage of decomposition for the develop-
ment of statistical models (Wallace 2015).

The faunal succession on carrion in freshwater ecosystems varies not only among
stages of decomposition but also as a function of the microhabitat within e.g. lotic
or streams systems a carcass is found or season (Wallace 2015). For example, shred-
der taxa such as case-building caddisflies (Trichoptera: Limnephilidae), stoneflies



54 G. S. Anderson et al.

(Plecoptera: Nemouridae) or crayfish—(Decapoda: Cambaridae) may burrow in
and remove small pieces of tissue from a carcass e.g. salmon (Fenoglio et al. 2014;
Minshall et al. 1991) or pig (Merritt and Wallace 2009). Depending on the season,
the shredder functional feeding groups may be found more often on carcasses in
pool habitats than riffles (Merritt and Wallace 2009). As the carcass begins to frag-
ment, this fragmentation can occur more rapidly in lotic systems than lentic (Merritt
and Wallace 2009), at which time, the fine particulate organic matter (FPOM) may
attract collector-filterers such as black flies (Diptera: Simulidae) and net-spinning
caddisflies (Trichoptera: Hydropsychidae) in riffle habitats (Wallace 2015).
Collector gatherers may also be attracted in both riffle and pool habitats e.g. midges
(Diptera: Chironomidae), mayflies (Ephemeroptera: Baetidae, Caenidae and
Ephemerellidae) and some beetles (Coleoptera: Hydrophilidae) (Barrios and Wolff
2011; Chaloner and Wipfi 2002; Fenoglio et al. 2005; Merritt and Wallace 2009;
Wipfi et al. 1998).

Scraper mayflies (Ephemeroptera: Heptageniidae) have been reported on pigs
during the submerged fresh and early floating stages in riffle habitats, presumably
grazing on the algal accumulation on the carcass during those stages (Haefner et al.
2004). Several predators in lotic systems such as stoneflies (Plecoptera:
Chloroperlidae, Perlidae and Perlolidae), diving beetles (Coleoptera: Dytiscidae)
and some dragonfly larvae (Odonata: Gomphidae and Calopterygidae) have been
observed on dead fish. They were probably attracted by the abundance of prey (taxa
listed above) associated with carrion (Ellis 1970; Fenoglio et al. 2005; Nicola 1968).

Marine Invertebrate Colonization of Carrion

The marine environment is the only environment which has not been exploited by
insects. Other arthropods, primarily the Crustacea, have taken over this role. The
taphonomy of large carcasses such as whales has been well studied for over
160 years. Unusually high species richness has been observed on whale falls, com-
parable to that seen at hot vents, and complete skeletonization may take years
(Smith and Baco 2003). The scavenging of such large carcasses has been broken
into four stages (Smith and Baco 2003). In the first stage, both vertebrate and inver-
tebrate scavengers remove most of the soft tissue with the primary invertebrates
being crustaceans, including Amphipoda (Lysianassidae) and Decapoda. By the
second stage, the sediment surrounding the skeletonized carcasses becomes
extremely nutrient rich, and this, together with the remaining bones, provide a
resource for invertebrates including extremely high numbers of Polychaeta
(Annelida) and juvenile bivalves (Mollusca). The remaining two stages are domi-
nated by anaerobic bacteria and suspension feeders such as Serpulidae,
Chaetopteridae and Sabelidae polychaetes (Smith and Baco 2003).

In ‘smaller’ carcasses, such as pigs or human bodies, the question of whether the
carcass will go through common aquatic decomposition stages (e.g. bloat, active
decay, advanced decay and remains) (Anderson 2010) or will be rapidly consumed,
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Fig. 2 Pig carcass (Sus scrofa L.) submerged at a depth of 300 m in the Strait of Georgia in the
Salish Sea being scavenged by Lyssianassidae amphipods (Orchomene complex). Image taken
35 h after submergence. Total skeletonization occurred by Day 4 (Ocean Network’s Canada,
VENUS observatory). Photo by G.S. Anderson, using VENUS observatory

primarily by arthropods, may depend on whether the body is free floating or in contact
with the seabed. Carcasses of humans (Boyle et al. 1997; Haglund 1993; Magni et al.
2015) and pigs allowed to float into the water column (Anderson and Hobischak
2004) have been shown to go through the usual decomposition stages, whereas pig
carcasses in direct contact with the seabed were rapidly consumed (Anderson and Bell
2014), probably due to the easier access for arthropods to carrion on the seafloor.

In these smaller carcasses, decapod and amphipod crustaceans are the major
scavengers with numbers and species varying with depth, season and most notably,
with oxygen levels (Anderson and Bell 2014). In shallow waters off the coast of
Vancouver (7-15 m) a diverse array of arthropods, seastars (Class Asteroidea), and
molluscs colonized the remains and complete skeletonization took several weeks
(Anderson and Hobischak 2002). In deeper coastal waters (100-300 m) the scaven-
gers were almost entirely malacostracan crustaceans (i.e. Decapoda, Amphipoda)
and were limited to only three major species: Metacarcinus magister (Dana),
Munida quadrispina Benedict, Pandalus platyceros Brandt and the Lyssianassidae
amphipods (Orchomene complex) (Fig. 2). However, much greater numbers of
organisms were recorded at greater depths (Anderson and Bell 2014, 2016).

Once the soft tissue of a carcass has been removed, the bones themselves support
a rich assemblage of invertebrates, primarily Annelida. A new genus of marine
worm, Osedax, (meaning bone-eating) was first described in 2004 in whale bones
from the Monterey Bay area of California (Rouse et al. 2004) and since this time has
been found in many oceans of the world (Fujikura et al. 2006; Glover et al. 2005,
2013). These worms burrow into the bones to feed on lipids. Some researchers
believe these worms are exclusive to whale bones (Dahlgren et al. 2006; Fujikura
et al. 2006; Glover et al. 2005) while others have shown that they can colonize other
species’ bones when experimentally placed (Jones et al. 2008). Defleshed whale,
pig and cow bones deployed at 20 m in the Mediterranean Sea over a one year
period have been shown to support a diverse successional assemblage of polychaete
worms (Taboada et al. 2016).
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Factors that Impact Invertebrate Colonization of Carrion

Carrion in Terrestrial Environs

There are many abiotic factors which impact colonization of carrion including
decomposition stage, geographic region, season, habitat, carcass type as well as
biotic factors.

As carrion decomposes, it changes in several important biochemical and physical
characteristics. This underpins, in part, the succession of invertebrate taxa that use
carrion as a resource or as habitat. Decomposition occurs along a continuum from
the freshly dead animal to its eventual complete disintegration (Schoenly and Reid
1987), but it has been historically convenient to classify this process into different
broad stages (Bornemissza 1957; Payne 1965). Progression through these stages is
largely attributable to temperature, but has often been described with reference to
change in resident insects at the carcass (Anderson and VanLaerhoven 1996;
Matuszewski et al. 2008). A number of decomposition classification schemes have
been proposed, but that described by Payne (1965), and summarized by Carter et al.
(2007), covers six main stages (fresh, bloated, active decay, advanced decay, dry,
remains). The most obvious changes in carrion through these stages is the loss of
moisture and biomass, as well as the distinct biochemical change in the tissues
through microbial activity (Carter et al. 2007). Each of these stages has an associated
community of invertebrate fauna that is ‘characteristic’ of that stage, although the set
of species present changes from region to region, as well as between seasons (Barton
et al. 2013b; Braack 1987; Schoenly and Reid 1987). Further detailed information
about the decomposition process is given in the chapter “Carrion Decomposition”.

Geography and climate are key drivers of the spatial differences observed in
invertebrate scavenger communities (Barton et al. 2013b; Pinero 1997). As for all
ecological communities, spatial differences in environmental conditions among
landscapes, regions or continents, leads to changes in the communities of organisms
present in terms of the occurrence of species and their relative abundance (Barton
et al. 2013c; Gaston 2000). This phenomenon is perhaps best known for patterns of
insect biodiversity along gradients of latitude or aridity (Gaston and Lawton 1988).
This is because temperature (latitude) and moisture (aridity) are two key climatic
factors strongly affecting insect communities, and selecting for different tolerances
among species.

An example of adaptation among carrion-associated insects to changes in aridity
is the co-occurrence of blow fly species (Calliphoridae) in southern Australia.
Molecular work has identified co-occurrence of sister-species within the
Calliphoridae along an aridity gradient from west (inland, dry) to east (coastal, wet)
(Wallman et al. 2005). Another important geographic gradient is the level of urban-
ization. Intact ecosystems consist of naturally occurring vegetation and soil that are
characteristic of that region. However, urbanization leads to dramatic changes in
vegetation, often including the domination of exotic species, and changed surfaces
to include impervious roads and pavements that act as a barrier between carrion and
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soil. One study (Kavazos and Wallman 2012), for example, found that some cal-
liphorid flies were present at higher abundances in urbanized sites during winter.
This may be because urbanized areas provide more constant temperatures and act as
thermal refuges.

The exact roles of temperature and moisture in carrion insect distribution are still
under investigation, and the picture is likely to be complicated at least with respect
to calliphorids. Some evidence exists that moisture related parameters, such as
evaporation and humidity, have more of a role than maximum and minimum tem-
perature in determining the distribution of certain South African blow flies. Risk of
frost occurring is also an important influence on the distributions of these species
(Richards et al. 2009a).

Even within the same geographic area, and within the same season, there may
still be intra and inter day variation in temperature and moisture levels. This can
produce a marked effect on adult carrion insect activity and therefore colonization,
which can be delayed if temperatures are low (George et al. 2013; Norris 1966).
Fluctuating temperature can also potentially cause variation in larval growth rates
(Anderson 2000; Warren and Anderson 2013), although it is not clear whether this
is of a magnitude great enough to affect succession rate.

Temperature in particular may also partially govern the competitive interactions
within a carrion community associated with an individual carcass. Masses of cal-
liphorid and sarcophagid maggots generate heat, which appears related largely to
mass size (Slone and Gruner 2007), but also at least partially to larval age and per-
haps food availability (Charabidze et al. 2011). There is also speculation that the
ability to withstand high temperatures within maggot masses could confer a com-
petitive advantage on the individuals of one species over those of another (Richards
et al. 2009b). Additionally, the ability to generate mass heat has been suggested to
act as a buffer against low temperature, which may extend seasonal activity times
for larval stages (Deonier 1940). The mechanisms controlling mass temperature
generation and maintenance are poorly understood (Rivers et al. 2011). Evidence is
emerging, however, that calliphorid and sarcophagid larvae of several species have
optimal temperatures, which they will self-select to an extent by movement within
the maggot mass (Johnson et al. 2014).

Both temperature and rainfall are positively correlated with carrion mass loss
rate, and speed of progression through decomposition stages (Archer 2004). In the
case of higher temperature, this is likely to be due mainly to the acceleration of
maggot activity, which will promote higher rates of biomass loss. In the case of
rainfall, not only will decomposition products be washed away, but the carrion will
stay moist, and therefore potentially prolong the tenure of maggots (Archer 2004).
Also, re-colonization of dried remains by maggots has been known to occur after
they become rehydrated (Anderson and VanLaerhoven 1996; Smith 1986).

The time of year or season in which the animal died will impact colonization.
Calliphorids are the first colonizers in most parts of the world but their relative
abundance changes depending on season as well as geography, with different spe-
cies dominating over the year in different regions (Anderson 2009). In Maryland,
USA, for example, Calliphora vicina Robineau-Desvoidy, C. livida Hall and Lucilia
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illustris (Meigen) were found only in spring, L. coeruleiviridis Macquart and
Phormia regina (Meigen) were found in both spring and summer and L. sericata
(Meigen) only in summer (Introna et al. 1991). Whereas in Mississippi, P. regina
was found throughout the year (Goddard and Lago 1985). Seasonality of some cal-
liphorid species is linked to geography in that some species are considered to be
cold weather species in the southern US but are found throughout the insect season
further north (Anderson and VanLaerhoven 1996; Dillon 1997). Later colonizing
species are also impacted by season with uni-voltine species (those having one gen-
eration per year) showing very specific seasonality.

Adults of certain carrion species will diapause over the cold season, or aestivate
over summer. This alters the patterns of taxon succession (Archer 2003), and may
allow some less competitive groups that are better adapted to cold conditions in
particular to gain a larger share of the carrion resource in winter (e.g. Erzinclioglu
1980). However, the rate of carrion mass loss is also slowed during the cool periods
where calliphorid and sarcophagid larval activity is inhibited. In a reciprocal fash-
ion, the speed and nature of decomposition itself may also be affected by insect
succession activity, which is likely to be one factor underpinning the differences
that occur in seasonal succession patterns between years (Archer 2003).

Many carrion insects have very specific and localized habitat preferences. Many
species are synanthropic (i.e. live near and benefit from an association with humans)
and hence found more commonly in urban than rural habitats. Some species are
considered more common in rural areas, such as C. vomitoria (L.) and L. illustris
while others are considered more common in urban areas, such as C. vicina and L.
sericata (Anderson 2009). In an interesting study in Britain, baited trap collection
from central London into the rural surroundings identified three distinct habitats
based on fly species (Hwang and Turner 2005). Some species prefer sun exposed
open areas, with others selectively choosing shaded or forested regions. This can
again vary with geography. Although applying more specifically to human cadavers,
whether a body is found inside a residence (Anderson 2011) or a vehicle (Anderson
2009; Voss et al. 2008) or is buried (VanLaerhoven and Anderson 1999) hanged
(Shalaby et al. 2000) burned (Anderson 2005) or clothed (Kelly et al. 2009) will
impact not only timing of arrival but also which species will colonize.

Carcass type and size can also impact colonization and succession. Most carrion-
associated invertebrates have no preference for a species or type of carrion, yet
some factors can affect colonization. Carcass size can impact insect succession and
decomposition with some species not colonizing carcasses below a certain size
because they cannot support the larval life cycle (Denno and Cothran 1976). A
cheese fly (Piophilidae), Thyreophora cynophila (Panzer), prefers large carcasses
and was considered to have been extinct in central Europe since the 1840s, allegedly
due to the historical loss of wild megafauna and changes in livestock practices and
increasingly sanitary carcass disposal, which result in a consequent dearth of large
animal carcasses (Fontaine et al. 2007). Six specimens were recently re-discovered
in Spain (Martin-Vega et al. 2010) and their renewed presence is thought to be due
to the recent, somewhat controversial (Fielding et al. 2014), trend of maintaining
supplementary feeding stations in an effort to protect and conserve endangered
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scavenger bird populations, which also depended previously on large wild or
domestic animal carcasses (Martin-Vega and Baz 2011). Research from Norway
suggests that the presence of large carcasses is important for habitat restoration and
impacts species diversity and richness in European boreal forest ecosystems (Melis
et al. 2004). At the other end of the spectrum, there are species which actively prefer
smaller carcasses as they are easier to bury, for example, Nicrophorus sp. (burying
beetles), which prefer small rodent carcasses (Meierhofer et al. 1999). In addition,
the presence, absence and type of fur or pelt may also affect initial colonization,
with evidence suggesting that gravid flies are attracted to darker colors which may
be indicative of a common carcass pelt (Brodie et al. 2014). Vertebrate scavenging
can facilitate initial colonization by insects as it exposes more tissue (Dillon and
Anderson 1995).

A number of biotic factors can strongly affect the species composition and suc-
cession pattern of invertebrates at carrion, with the most notable being the various
kinds of interactions among species, such as competition, predation and parasit-
ism. A detailed discussion of some of the theory underpinning these biotic factors
is given in the chapter “Carrion Decomposition”. Competition among invertebrate
scavengers at a carcass can be intense, and the timing of arrival of an individual
and its competitive ability can determine if it will dominate its carcass resource.
Aggregation and coexistence among carrion flies has been used as a model system
for testing theory about the division of finite resources among organisms (Hanski
1987a; Ives 1991; Woodcock et al. 2002). This theory has been used to understand
and predict the abundance and diversity of organisms present at carrion due to
changes in inter- and intra-specific competition (Ives 1991; Kouki and Hanski
1995; Woodcock et al. 2002). In particular, stochastic colonization of carcasses
and priority effects (Brundage et al. 2014) can play an important role in determin-
ing which species will dominate, and this in turn can affect rates of decomposition
and the composition of the invertebrate scavenger community. A number of inver-
tebrate species that frequent carcasses are not there to feed on the carrion. Rather,
they are predators, phoronts or parasitoids of the carrion feeders, and of each
other. Knowledge of the interactions among invertebrates at carrion is still poorly
known (Hanski 1987b) although their role in the decomposition process is reason-
ably well understood (Braack 1987). A simplified trophic web is given in the
chapter “Carrion Decomposition” (Fig. 1) and shows the many links between
functional groups, including predators and parasitoids. These linkages illustrate
the potential for many biotic factors to affect the composition of invertebrate scav-
enger communities.

Carrion in Aquatic Environs

In freshwater systems, aquatic organisms have evolved to tolerate a range of physi-
cal and chemical attributes. Therefore, the decomposition process is mediated
through biological mechanisms such as microbial and macro invertebrate
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interactions, however certain physical-chemical parameters either directly or indi-
rectly influence the pathway of decomposition. These include temperature, gas
exchange, hydrology, nutrients, pH, and current/depth (Merritt and Wallace 2009;
Wallace et al. 2015).

Temperature may be the most important environmental factor that influences
carrion decomposition. The variation in air temperature can influence tempera-
tures in streams and rivers and occurs spatially and temporally e.g. via geographi-
cal differences with changes in latitude, altitude, season and weather (Smith and
Lavis 1974). In lentic systems, such as ponds and lakes, the size and shape can
affect thermal regimes (Hutchinson 1957). Temperature influences the amount of
dissolved oxygen in freshwater systems and this relationship has shaped the life
histories of aquatic organisms instrumental in all stages of carcass decomposition
(Burkepile et al. 2006; Sweeney and Vannote 1978; Ward and Stanford 1982).
The rate of decomposition of organic matter such as carrion in both lotic and
lentic systems tends to increase as a function of temperature regardless of sea-
sonal fluctuations in temperate water bodies (Wallace et al. 2015). Higher tem-
peratures increase aquatic insect growth and feeding rates, altering both the
quality and quantity of organic matter associated with carrion (Cummins and
Klug 1979). Generally, cold water temperatures whether freshwater or marine,
slow decomposition rates. This especially influences microbial breakdown
(Merritt and Wallace 2009).

Gas exchange, specifically, dissolved oxygen levels or the amount of oxygen in
solution are intimately tied to water temperature and fluctuate daily (Addy and
Green 1997). That is, oxygen solubility, or dissolved oxygen, is negatively corre-
lated with water temperature which itself varies with current speed and turbulence
(Merritt and Wallace 2009). Not only are aquatic insects tied to respiring oxygen in
solution, but their role in decomposition requires oxygen. Therefore, those insects
that play a significant role in the processing of carrion involved with the decomposi-
tion process such as shredder types e.g. stoneflies (Plecoptera: Nemouridae and
Pteronarycidae) and caddisflies (Trichoptera: Limnephilidae) may be excluded
from such activities in low oxygen environments (Merritt and Wallace 2009).
Whereas, midges (Diptera: Chironomidae) are able to survive in oxygen depleted
habitats such as ponds and swamps and may be more abundant on corpses in these
environs (Erikson et al. 1996). Hence, depending on the oxygen concentration in a
specific aquatic habitat, the faunal community available to colonize carrion may be
quite different (Hobischak 1997). Therefore, differences in water quality as exhib-
ited in dissolved oxygen levels may influence the diversity and abundance of aquatic
invertebrates colonizing a carcass and alter the rate of decomposition (Merritt and
Wallace 2009).

Physical aspects of aquatic systems e.g. flow regimes or currents in lotic (moving
waters) systems such as streams are characterized temporally by monthly water
discharge, frequency of high/low pulse events, duration of meteorological or anthro-
pogenic inputs, whether events are predictable and the degree of flashiness in events
(Poff et al. 1997). In lentic systems such as ponds or lakes, there are different hydro-
logical parameters governing their influence on decomposition such as the length of
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the hydroperiod or period of inundation, seasonal precipitation patterns, presence or
absence of inlets/outlets and water management (Stevenson and Childers 2004).
The fluxes within normal hydrological processes allow for nutrient exchange and
movement of aquatic organisms between systems (Osmond et al. 1995) but changes
in these fluxes can impact species composition and ultimately food chain support.
This may alter the ecological integrity and impact the rate of carrion decomposition
in these systems (Sakaris 2013).

There are several other water chemistry parameters that may alter decomposition
rates of carrion such as pH and salinity (Wallace et al. 2015). Specifically with pH,
acid stress in aquatic systems may impact the diversity of organisms that initiate
decomposition, such as the primary and secondary decomposers for example bacte-
ria and invertebrates thus influencing the rate of carrion decomposition (Wallace
et al. 2015). The limitation of key players such as bacteria and fungi can impact
aquatic organisms such as amphipods (Amphipoda: Gammaridae) that have been
demonstrated to be integral players in the fragmentation of vertebrate carrion in
streams (Hobischak and Anderson 2002; Merritt and Wallace 2009).

Oxygen can have a major impact on colonization in the marine environment
often driving decomposition. In well oxygenated waters pig carcasses have been
scavenged and skeletonized within days at depths of 300 m or less (Anderson and
Bell 2016) whereas in hypoxic waters, scavenging is much slower with only low-
oxygen adapted species remaining at carrion (Anderson and Bell 2014). Oxygen
levels at time of carcass deposition impacts decomposition. Carcasses deposited
when oxygen is present, but at levels low enough to cause physiological stress, still
attract large decapod crustaceans which feed and remain at a carcass despite hypoxic
conditions. However, carcasses deposited when oxygen is extremely low attract
very few fauna and these carcasses remain virtually intact until oxygen levels rise
seasonally (Anderson and Bell 2014).

Conclusions and Future Perspectives

Invertebrates dominate most of the earth’s terrestrial and aquatic biomes, and have
evolved to use a vast array of resources. A wide range of invertebrate taxa have also
been recorded at animal carcasses, where they may prey on or parasitize other
carrion-invertebrates. Detailed observations from many different parts of the world
have shown a clear succession of species, especially in terrestrial environments. An
ever increasing number of case studies have also shown the important influence of
various abiotic and biotic factors that influence invertebrate succession and food
web dynamics at carcasses. There are fundamental differences in the ecology of
invertebrate succession on carrion between terrestrial, freshwater and marine envi-
ronments. For example, terrestrial carrion ecosystems include more specialized taxa
than aquatic ones. However, these environments all have in common the central
concept of carrion as a scarce and nutrient rich resource. Further research will help
to elucidate these complex themes.
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Facultative Versus Obligate Scavengers

In 1877, Sanborn Tenney, a professor of natural history at Williams College in
Massachusetts, USA, wrote about scavengers as those animals using or removing
what others have ignored or discarded (Tenney 1877). Scavenging is likely to have
been common since the very first origins of vertebrates. Many theropod dinosaurs,
which dominated terrestrial ecosystems for more than 160 million years, likely
gained an important part of their energetic requirements by feeding on carrion
(Kane et al. 2016). In the Pleistocene, when mammalian megafauna was abundant
(Martin 1989; Ruxton and Houston 2003), scavenging was common among carni-
vores, and even among early hominins, which were better scavengers than hunters
(Blumenschine and Cavallo 1992; Mole6n et al. 2014a).

Later on, with large carcasses becoming scarcer (Barnosky et al. 2004), the tem-
poral patchiness of carrion availability might have inhibited evolution towards strict
specialisation for scavenging in most vertebrates. As a result, obligate scavengers,
i.e. species that rely entirely or near entirely on carrion as food resource, are rare. In
the recent past, no reptiles or mammals have evolved into obligate scavengers
(DeVault et al. 2003). Some benthic scavengers (e.g. hagfish: family Myxinidae)
rely widely on carrion and may be considered obligate scavengers (Smith and Baco
2003; Beasley et al. 2015). However, among terrestrial vertebrates, only vultures
(families Accipitridae and Cathartidae) have evolved into obligate scavengers
(DeVault et al. 2003; Beasley et al. 2015; Moledn et al. 2014b).

Even so, facultative scavenging is fairly common and scavenging activity
appears to be pervasive across the animal kingdom (DeVault et al. 2003; Wilson
and Wolkovich 2011; Beasley et al. 2015; Mateo-Tomads et al. 2015). Facultative
scavengers are animals that scavenge at variable rates but that can subsist on
other food resources in the absence of carrion. All mammalian predators (e.g.,
raccoons Procyon lotor, wolves Canis lupus, bears -family Ursidae-, foxes
Vulpes spp., hyenas Hyaena spp., lions Panthera leo), birds of prey (e.g., kites,
eagles, buzzards-family Accipitridae) and corvids (e.g., ravens, crows-family
Corvidae) are facultative scavengers (DeVault et al. 2003; Selva 2004; Wilson
and Wolkovich 2011; Mole6n et al. 2014b; Pereira et al. 2014). Some species,
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typically regarded as strict predators, also scavenge frequently, like the northern
goshawk (Accipiter gentilis), the weasel (Mustela nivalis, Selva 2004) and the
European otter (Lutra lutra, O’Sullivan et al. 1992). Some omnivores which are
not strict predators (e.g. wild boar Sus scrofa) also consume carrion frequently
(Selva et al. 2005). Woodpeckers and tits feed on carcasses during winter, and
other passerines exploit resources provided by carcasses, like maggots or hairs
to build nests (Moreno-Opo and Margalida 2013). An amazing spectrum of ani-
mals will consume carrion if the opportunity arises, including the hippopotamus
(Hippopotamus amphibius), white-tailed deer (Odocoileus virginianus), and
many snake species (DeVault and Krochmal 2002; Beasley et al. 2015). Carrion
is by far the most important food for some reptiles (e.g. the lace monitor,
Varanus varius, Guarino 2001).

Morphological, Physiological and Behavioral Adaptations
to Scavenging

Terrestrial Scavengers

The adaptations shown by vultures includes morphological characters facilitating
the dismembering of and access to the interior of large corpses, like long necks,
strong beaks and scarce feather coverage on head and neck to prevent fouling
(Kruuk 1967; Houston 1975, 1979). Vultures have excellent visual abilities, and
some species like vultures from the genus Cathartes also possess a well-developed
sense of smell to locate carrion (Houston 1986; Ruxton and Houston 2004). Their
large body size allows vultures to cope with periods of food scarcity. In addition,
vultures reduce the potential lethal effects of toxins and pathogens due to a number
of physiological and immunological adaptations, including an acid digestive pH
(Houston and Cooper 1975). Vultures have also developed foraging strategies to
exploit randomly distributed resources, i.e. to explore large areas by gliding, and the
transmission, active or passive, of information (Houston 1974; Buckley 1996;
Ruxton and Houston 2004; Jackson et al. 2008). These adaptations make vultures
very efficient scavengers compared to mammalian carnivores, which show a more
limited mobility due to territoriality and the higher energetic costs of walking
(Houston 1979; Ruxton and Houston 2004; Moleén et al. 2014b). Similar adapta-
tions are shown by avian facultative scavengers. Corvids, and common ravens
Corvus corax, in particular, actively recruit each other to carcasses, and share infor-
mation about carrion location at their communal roosts (Heinrich 1988; Marzluff
and Heinrich 1991; Heinrich et al. 1993; Marzluff et al. 1996; Wilmers et al. 2003a;
Wright et al. 2003).

A scavenging lifestyle often involves watching and following others, both at the
intra- and inter-specific levels. The transfer of social information within the scav-
enging guild is quite fluid (Moledn et al. 2014b). Avian scavengers may follow
mammalian predators to feed on their kills. Vultures have been observed circling
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over large carnivores before hunting and being attracted to sounds of hyaenas
(Attwell 1963; Kruuk 1967, 1972). Ravens associate with wolves (Stahler et al.
2002), polar bears Ursus maritimus (Gilchrist and Robertson 2000), and Siberian
tigers Panthera tigris altaica (Matyushkin 1974) to feed on their kills. Ravens also
react to gunshots and have learned to exploit gut piles left by hunters (White 2005).
Mesopredators also follow large predators to feed on their kills, e.g. red Vulpes
vulpes and arctic foxes Vulpes lagopus are reported to follow wolves and polar
bears, respectively (Stirling and Archibald 1977; Jedrzejewska and Jedrzejewski
1998). Large scavenging birds, and particularly vultures and eagles, observe the
activities of smaller birds, like crows or magpies, which are usually first to discover
carcasses (Konig 1974; Prior and Weatherhead 1991; Vogeley 1999). Flocks of cor-
vids are an unequivocal sign of carrion presence and often attract eagles and other
raptors (Knight and Knight 1983; Selva 2004). Raptors often act as producers of
information, while vultures are information scroungers (Kane et al. 2014). Griffon
vultures Gyps fulvus use socially acquired information and they follow vultures that
sink vertically to land to increase carcass location success (Cortés-Avizanda et al.
2014). Mammals also respond to aggregations of scavenging birds; hyenas and
jackals react to alighting vultures by running towards the place where they have
come down (Kruuk 1967).

Mammalian scavengers, Cathartes vultures and reptiles use the sense of smell
to locate carcasses. In the case of small carrion items, chemical cues are the domi-
nant stimuli used by scavengers to locate them (DeVault and Rhodes 2002). In
snakes, olfaction also seems to be the principal sensory modality to detect carrion
(DeVault and Krochmal 2002). They often consume carcasses of small animals
like rodents, birds, fish, frogs and other snakes, which are inaccessible to avian
and large mammalian scavenging competitors. Many snake species are attracted
to decomposing odors and carrion (DeVault and Krochmal 2002). Scavenging is
also widespread among crocodiles. They detect carrion, even concealed carcasses
and/or at large distances, by chemical cues in the water and air, and promote olfac-
tion by gular pumping (Weldon et al. 1990; Weldon and Ferguson 1993). Like
vultures, crocodiles also possess a low stomach pH that inhibits bacteria from
putrefying meat (Diefenbach 1975, in Platt et al. 2007) and can survive long peri-
ods without food.

Many major scavengers are social species. Vultures and corvids aggregate in
flocks at carcasses and are commensal with other species. Some reptiles, like the
Komodo dragon Varanus komodoensis, often feed communally at large carcasses
(Bull et al. 2010). Within avian scavenger guilds, interspecific competition has
been reduced by divergent eco-morphological characters and dominance hierar-
chies that lead to an ordered resource partitioning (Kruuk 1967; Wallace and
Temple 1987; Houston 1988; Hertel 1994). The costs of adaptation to obligate
scavenging are high, as evidenced by the small portion of terrestrial vertebrates
relying exclusively on carrion (DeVault et al. 2003). Probably the most critical
adaptations are related to detection (including the costs of locomotion) and detox-
ification of carrion (Shivik 2006). However, scavenging seems highly beneficial
as an occasional energy acquisition strategy, given the fact that a large number of
terrestrial vertebrates are facultative scavengers (DeVault et al. 2003; Wilson and
Wolkovich 2011).
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Fig. 1 Examples of scavengers in different ecosystems (from top to bottom): polar bears congre-
gate at a whale carcass in the Arctic (photo by Alexander Gruzdev); wolves are often followed by
raven flocks to feed on their kills (photo by Dan Hartman); the scavenger community of the African
savanna is one of the richest (photo by Sarah C. Jones); condors and other vulture species rely
often on livestock carcasses in Patagonian steppes (photo by Manuel de la Riva)
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Aquatic Scavengers

There are numerous fish species which scavenge. Across a depth range of 800—
5000 m, around 22% of the fish assemblage is thought to be scavengers and this
proportion is relatively consistent across this range (Yeh and Drazen 2011).
Scavenging requires a different set of sensory and swimming performance charac-
teristics than are required for herbivorous and predatory fish. Food resources are
less predictable, requiring some degree of endurance to allow fish to reach their next
meal, but can be large (e.g. whale carcasses) when obtained (see chapter “Carrion
Auvailability in Space and Time”). Carrion does not attempt to escape and so there is
no requirement for burst swimming performance, though animals may need to com-
pete for, or defend, carrion. Unlike on land, carrion may move with the current, but
in general scavengers must detect this resource without the aid of prey movement as
a signal. The characteristics of marine carrion shape the physiology, behavior and
morphology of swimming scavengers. Scavenging fish have been studied in the
deep sea for decades, in spite of the difficulty of working in this environment.
Observations of scavenging fish in the abyss by Isaacs and Schwartzlose (1975)
changed forever the scientific view of the deep ocean by showing that “active ani-
mals” were present even in this environment with few food resources.

There is strong evidence that carrion is usually detected from the odor plume
emitted from the carrion. Observations at bait show fish arriving from downstream
of the bait (Wilson and Smith 1984), indicating that the fish had either followed a
trail of chemicals released from the carrion (chemotaxis) or swum generally up-
current (rheotaxis) after detecting that carrion was in their vicinity. Because most
studies of scavengers are conducted by still or video photography of bait, scientists
seldom have information on how the scavengers behaved prior to arrival. Lgkkeborg
(1998) tracked cod Gadus morhua in fjords and observed fish turning towards bait
and swimming to it. These results indicated that fish were active prior to bait detec-
tion at ranges of up to 700 m. Deep sea researchers also fed transponders to fish
inside small bait packages at a photographic lander (a free-falling autonomous vehi-
cle) to track them for periods of 3-9 h, at ranges of up to 500 m from the camera
lander (Bagley et al. 1994, 2004). Photography at the lander allowed the species and
size of the scavenger to be determined, while a current meter measured the direction
and speed of currents. Evidence from the tracks of the fish suggested that abyssal
grenadiers (Coryphaenoides spp.) swum perpendicular to the current direction. This
behavior would maximize their chance of crossing an odor plume being emitted by
a carrion item on the seafloor (Bagley et al. 2004).

Bailey and Priede (2002) used a simple mathematical model to predict the arrival
time patterns of fish using different search strategies. These were “cross-current”
scavenging, where fish swam across the current until detecting a plume and then
turned upstream to swim to the bait; “sit and wait”, where the scavenger remained
stationary unless an odor plume was detected; and “drifting”, where scavengers
went with the current until coming close enough to the carrion to hear scavengers
feeding or detect other evidence of activity (e.g. stimulated bioluminescence).
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Using a range of assumptions, the arrival patterns predicted that the “cross current”
model was the best fit to real data for abyssal fish.

All models assumed that once in the vicinity of the bait the fish would localize it
using sound, hydrodynamic disturbance or bioluminescence, but at that time the
process had not been studied. Using video at bait showed deep sea fish “pole-
dancing” around the lander, repeatedly circling the legs of the vehicle and other
structures in the field of view. A combination of video analysis and anatomical
investigation showed that the fish were using a chin barbell to taste their way around
the vicinity of the bait. It appears that for these fish the odor plume got them close
to the bait, after which the signal was not clear enough for them to locate it directly.
Tasting the seabed until the carrion was obtained seemed to be the solution (Bailey
et al. 2007).

In general, we know little about how fish respond to carrion, which is surprising
as the scavenging behavior by fish is the basis of the long-line fishing and fish trap-
ping industries (Stoner 2004). Whereas deep sea fish are often surprisingly tolerant
of competitors around carrion, given how sparse these resources might be, this is
definitely not the case for other taxa (Stoner 2004). Wolffish Anarhichas denticula-
tus have been observed aggressively defending bait (Godg et al. 1997) and prevent-
ing cod and haddock Melanogrammus aeglefinus from obtaining it. Aggression
between shallow-water fish clearly reduces the numbers of fish able to feed on car-
rion (Dunlop et al. 2015) by scaring smaller individuals away from this food source.
The extent of aggression around carrion was density dependent, with fish being
more likely to interact aggressively at high densities. Carrion-defending and aggres-
sive behaviors probably affect the importance of scavenging across fish assem-
blages, with some taxa and size ranges dominating the resource. Density-dependent
aggression of the type observed by Dunlop et al. (2015) will tend to reduce the dif-
ference in catches between areas (and times) of high and low population density. As
a result, the effects of spatial management, or trends with time, could be hidden by
differences in fish behavior. This is a very practical example of how an understand-
ing of scavenger ecology is essential to management.

Scavengers Across the World

Tundra and Polar Regions

The tundra is a relatively simple ecosystem inhabited by many endemic species
adapted to low productivity and cold temperatures, like the Arctic fox and the
polar bear. Tundra food webs are marked by complex temporal fluctuations; the
best known example is the cycles of voles and lemmings (Killengreen et al. 2011
and references therein). In high latitudes, carrion is a key food resource used to
survive periods of food scarcity and overcome harsh environmental conditions.
Carrion resources, mostly of marine origin, are associated with seabird and seal
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colonies, carcasses of marine mammals washed ashore and other marine subsi-
dies, like dead fish (Fig. 1).

Giant petrels Macronectes halli and M. giganteus are the principal scavenging
seabirds in the Antarctic ecosystems, and feed mainly on penguin and seal carrion.
Seal carrion is highly important for giant petrels during the breeding season, par-
ticularly for males. These species also scavenge on floating carcasses during pelagic
trips (Hunter 1985; Gonzélez-Solis et al. 2002). Giant petrels are also frequent scav-
engers at penguin colonies, together with kelp gulls Larus dominicanus, lesser
sheathbills Chionis minor and sub-Antarctic skuas Catharacta lonnbergi (Hunter
1991). The populations of some seal species in the Antarctic have expanded, pro-
moting an increase in carrion and placenta availability, which has benefited scaven-
gers like the skuas (Phillips et al. 2004).

In the northern polar regions, carrion may come additionally from carcasses of
large herbivores, like the reindeer Rangifer tarandus or muskox Ovibos moscha-
tus, and from polar bear kills. Polar bears kill mostly ringed seals Phoca hispida
and bearded seals Erignathus barbatus, and leave behind a substantial portion of
the carcasses, which are scavenged afterwards by Arctic foxes and eventually also
by other polar bears (Stirling and Archibald 1977). Polar bears can also kill bigger
prey, like beluga whales Delphinapterus leucas, even in high numbers when they
are entrapped in ice. Lowry et al. (1987) documented the killing of more than 40
belugas in an ice entrapment and observed 15 polar bears feeding on them. Twelve
days later, carrion was distributed widely and at least 30 polar bears were recorded
feeding. Such bear aggregations have been recorded scavenging on large whale
carcasses (Bentzen et al. 2007; Fig. 1). Ivory gulls Pagophila eburnea and glau-
cous gulls Larus hyperboreus are important avian scavengers in Svalbard (Gjertz
and Lydersen 1986). In the Canadian Arctic, ravens, gulls, arctic foxes, and even
wolves have been also recorded scavenging on polar bear kills (Stirling and
Archibald 1977).

The Arctic fox is the mammalian scavenger per excellence in the tundra and
polar habitats. Their use of carrion and marine subsidies is highest during winter
and lemming population declines (Roth 2002). Carrion storage, and food caching in
general, is particularly common among Arctic foxes as a response to trophic pulses
and fluctuating environments (Careau et al. 2007; Samelius et al. 2007). With the
shrinking ice cover and tundra under global warming, the influx of predator-
scavengers from neighboring ecosystems (e.g. red foxes from boreal forests) is
increasing competition and eventually could exclude Arctic foxes from carcasses
(Killengreen et al. 2011, 2012).

Temperate and Boreal Forests

Temperate and boreal forests are complex ecosystems where scavenging is wide-
spread. Although there are very few obligate scavengers (e.g. turkey vultures
Cathartes aura), all predators are scavengers to some extent. Most important are
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avian and mammalian scavengers. For instance, predators such as the goshawk and
the weasel, or insectivores like shrews and woodpeckers also consume carrion when
the opportunity arises. More than 30 species of birds and mammals were recorded
consuming carrion in the forests of Bialowieza, northeastern Poland (Selva 2004).
Typically, the bulk of the carrion found in these forests are ungulates, mainly pro-
vided by large predators such as wolves, by harsh winters, or by human-caused
mortality like hunting (Houston 1978; Wilmers et al. 2003a, b; Selva and Fortuna
2007; Mateo-Tomads et al. 2015). Carrion is a very important food resource for ver-
tebrates in winter and early spring, and support hibernating species like the brown
bear Ursus arctos (Green et al. 1997). Scavengers, and particularly the brown and
black bear Ursus americanus, also rely on carrion pulses from spawning salmon
that arrive every year in some rivers of these forests (Fortin et al. 2007; Levi et al.
2015, see chapter “Ecological Functions of Vertebrate Scavenging”). Caching food
(i.e. storing it in locations hidden from the sight of conspecifics and other species)
is common among the main scavengers like corvids and canids.

The most efficient and frequent scavenger in northern forests is probably the
common raven (Wilmers et al. 2003b; Selva et al. 2005; Wikenros et al. 2013;
Fig. 1). Other corvids like jays, magpies, crows and nutcrackers are frequent visitors
to carcasses (Wilmers et al. 2003b; Selva et al. 2005; Wikenros et al. 2013; Ray
et al. 2014). Among raptors, the common buzzard Buteo buteo, as well as eagles
(e.g. white-tailed eagle Haliaeetus albicilla, golden eagle Aquila chrysaetos and
bald eagle Haliaeetus leucocephalus) rely on carrion during some periods and effi-
ciently exploit hunter-kills, often concentrated in space and time and exposed in
more open areas within the forest (Wilmers et al. 2003a; Selva et al. 2005; Mateo-
Tomas et al. 2015; Fig. 1).

Mammalian scavengers in temperate and boreal forests are also well represented.
As in other biomes, canids such as red foxes, coyotes Canis latrans, raccoon dogs
Nyctereutes procyonoides, and wolves are among the most frequent scavengers
(Selva et al. 2005; Wikenros et al. 2013). Wolves not only subsidize other scaven-
gers with carrion, but also facilitate scavenging of large ungulate carcasses by open-
ing them (Selva et al. 2003). Some mustelids, like martens Martes spp. and
wolverines Gulo gulo, are quite dependent on carrion, particularly in years when
alternative sources of prey (e.g. rodents or hares) are scarce (Jedrzejewski et al.
1993; Koskela et al. 2013). Felids are not frequent users of carrion, and often suffer
kleptoparasitism by larger species like the brown bear, the wild boar, and the wol-
verine, with a limited or significant effect on lynx predation rates depending on the
area (Selva 2004; Mattisson et al. 2011; Krofel et al. 2012).

Mediterranean Regions

Scavengers in these regions have been traditionally associated with cattle farming.
Carrion has been mostly supplied through livestock carcasses, hunting of wild
ungulates, and more recently, artificial feeding stations or vulture restaurants and
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dumps (Oro et al. 2013). The scavenger species at these carrion supplies are the
same, but the number of individuals of these species, as well as their time of detec-
tion and consumption is very different (Cortés-Avizanda et al. 2010, 2012, 2014,
Moreno-Opo et al. 2015a, b, 2016). Within the Mediterranean region, Spain is home
to >90% of the obligate European scavengers (Eurasian griffon vulture Gyps fulvus,
Egyptian vulture Neophron percnopterus, bearded vulture Gypaetus barbatus and
cinereous vulture Aegypius monachus, Fig. 1) and of a rich community of faculta-
tive scavengers which includes some threatened species like the Spanish imperial
eagle Aquila adalberti, the red kite Milvus milvus, and the Iberian lynx Lynx pardi-
nus. The guild of obligate avian scavengers in other Mediterranean countries, like
Italy, France, Portugal or Greece, constitutes less than 10% of the vulture popula-
tion in the European Union (Deinet et al. 2013; Margalida et al. 2014). This has
promoted several reintroductions to recover the scarce populations of some avian
scavengers, like the bearded vulture in the Alps (Austria, Italy, France and
Switzerland) and Massif Central (France), the Eurasian griffon vulture in Italia,
Israel and France or the cinereous vulture in France (see reviews in Terrasse 2001;
Margalida and Heredia 2005; Eliotout 2007; Donézar et al. 2009).

Among avian scavengers, Eurasian griffon vultures and common ravens are the
most habitual species scavenging carrion resources in the Mediterranean (Cortés-
Avizanda et al. 2010; Mateo-Tomas et al. 2015; Moreno-Opo et al. 2015a, 2016). In
this sense, griffon vultures play important ecosystem services eliminating ca. 10
thousand tons of meat per year, and, in the case of bearded vultures, 200 tons of
bones (Margalida and Colomer 2012; Margalida et al. 2012). Other corvids that
frequently visit carrion resources are the carrion crow Corvus corone, magpie Pica
pica and Eurasian jay Garrulus glandarius. Among raptors other than vultures, the
common buzzard, the red and black kite, the golden and Spanish imperial eagles
and, more occasionally goshawks, obtain additional food resources from carrion
subsidies (Sanchez et al. 2009; Sanchez-Zapata et al. 2010; Mateo-Tomds et al.
2015; Moreno-Opo et al. 2016; Margalida et al. 2017). In particular, non-adult indi-
viduals of golden and Spanish imperial eagles are prone to use scavenging as a
feeding strategy in winter, coinciding with low levels of their main natural prey and
the occupancy of low quality habitats (Sanchez et al. 2009; Sanchez-Zapata et al.
2010; Margalida et al. 2017). With respect to mammalian scavengers in
Mediterranean areas, the most frequent are the red fox, the stone marten Martes
foina and the wild boar (Mateo-Tomads et al. 2015).

Savannas

The earliest studies on scavengers were mostly conducted in the African savanna,
which encompasses the majority of the savanna regions on the planet. This is not
surprising because this continent is home of probably the most emblematic scaven-
gers: vultures and hyaenas (Fig. 1). Classic studies by Petrides (1959), Attwell
(1963), Kruuk (1966, 1967, 1972) and Houston (1974, 1975, 1979) on these species
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have inspired, and still do, many scavenging ecologists worldwide. The scavenger
communities of savanna regions of South America, Asia and Australia are poorly
known, so here we focus on African scavengers. However, the general characteris-
tics of the scavenging fauna are probably pervasive among continents, with the
exception that there are no obligate scavengers in Australia.

The savanna regions of the African continent support the richest community of
vultures in the world, including ten resident and one wintering species, eight of
which are endemic or near-endemic (Del Hoyo 1994). This species array ranges
from consumers of meat and other soft tissues (e.g. Riippell’s vulture Gyps riippel-
lii) to bone eaters (bearded vulture) and even one species that rarely scavenges and
has evolved to exploit palm-nuts and capture small prey (palm-nut vulture
Gypohierax angolensis). Foraging habits among African vultures are also variable,
including species that forage solitarily (e.g. white-headed vulture Aegypius occipi-
talis) and species that forage in pairs (e.g. lappet-faced vulture A. tracheliotos) and
in groups (e.g. white-headed vulture Gyps africanus). The morphological, ecologi-
cal and behavioral diversity of African vultures, together with dominance hierar-
chies at carcasses, results in an ordered resource partitioning that likely reduces
competition for carrion (Kruuk 1967; Hertel and Lehman 1998; Kendall et al. 2012;
Kendall 2013). Such a variety has been related to the high diversity of large mam-
malian herbivores, whose carcasses provide major feeding resources for scavengers.
Indeed, Houston (1983) suggested that the evolutionary origin of vultures was
closely related to the presence of long-distance migratory ungulates, which still
survive in a few African regions.

The community of facultative scavengers inhabiting the African savanna is also
diverse and includes omnivorous species such as corvids (e.g. white-necked raven
Corvus albicollis), medium-sized predators such as birds of prey (e.g. tawny eagle
Agquila rapax) and mammalian carnivores (e.g. side-striped jackal Canis adustus),
and apex predators such as hyaenas and large cats (Fig. 1). In areas with resident
herbivore populations, spotted hyaenas (Crocuta crocuta) and lions can outcompete
vultures and consume most of the ungulate carrion biomass (Moleén et al. 2015).
The brown hyena (Parahyaena brunnea), i.e. the mammal species most specialized
to use carrion (up to 90% of its diet; Skinner and Chimimba 2005), is found in the
driest savannas of Southern Africa.

Steppes

Steppes are located in several regions of the world, mainly Eurasia, North America
and South America. This cold, dry grassland is an important biome for scavengers.

In the Americas there are seven species of obligate scavengers, all of them from
the family Cathartidae (known as vultures from the New Word). These vultures
occur from high mountains to the coastline and from woodlands to the steppes.
Apart from them, other facultative scavengers, both mammals and birds, aggregate
and compete in carcasses found in those open areas.
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In South American steppes, three are the species of obligate scavengers, the
Andean condor Vultur gryphus, the turkey vulture and the black vulture Coragyps
atratus (Fig. 1). Other bird species that facultatively consume carcasses are the
southern Caracara plancus and chimango Milvago chimango caracaras, and the
black-chested buzzard eagle Geranoaetus melanoleucus (Travaini et al. 1998;
Lambertucci et al. 2009a). Mostly during the dark hours, carcasses are also con-
sumed by mammals such as pumas Puma concolor, foxes Lycalopex spp., skunks
Conepatus spp., and armadillos Zaedyus pichiy, and also by passerines and lizards
(Travaini et al. 1998; Elbroch and Wittmer 2012). Currently, all these species scav-
enge mainly on carcasses from domestic animals since steppes have been histori-
cally used for extensive livestock raising, which has produced a sharp decline in the
populations of native herbivores (Fig. 1). Scavengers also feed on carcasses of
exotic wild species, such as the red deer Cervus elaphus and the European hare
Lepus europaeus. Native species such as guanacos Lama guanicoe, and rheas Rhea
pennata that once were the main supply of carrion are currently much less con-
sumed in many areas due to their low numbers which brought them to an ecological
extinction (Novaro et al. 2000; Lambertucci et al. 2009b).

As in other biomes, competition for carrion is important and seems to relate to
the size of the species. Generally, bigger species (condors) dominate over the
carcasses (Wallace and Temple 1987). However, when the number of individuals
of other species strongly increases, the size-related hierarchy could be alternated
and smaller species can dominate at carcasses (Carrete et al. 2010). In South
American steppes this is the case of black vultures, that can reach very high densi-
ties in the surroundings of human settlements and might oust Andean condors at
carcasses where generally they would be dominant (Carrete et al. 2010; Barbar
et al. 2015).

Scavenger composition is also influenced by the size of the carcass, with few
individuals of few species feeding on hare carcasses (Travaini et al. 1998) and
more species in larger numbers feeding on larger carcasses like sheep, guanaco or
horse (e.g. Lambertucci et al. 2009a). The place where the carcass is located can
modify the order of arrival and consumption patterns. Carcasses close to roads are
mainly used by smaller bird scavengers as caracaras, while larger species as con-
dors and turkey vultures are the first to eat at carcasses far from roads (Lambertucci
et al. 2009a). Moreover, bird scavenger composition can also be affected by
weather conditions, and for instance, in gusty or very windy days carcasses are
mainly used by larger species (Shepard and Lambertucci 2013). This is particu-
larly relevant in Patagonian steppes which have cold-temperate climate with
strong winds.

Regarding mammals, pumas, the largest carnivore in the area, can be observed
scavenging, but they are more important as suppliers of carcasses for other species.
In fact, they can provide large amounts of meat which are used by at least 12 species
in the Patagonian steppes. Pumas need to increase their kill rate to compensate for
the losses due to scavengers (Elbroch and Wittmer 2013). Two species of fox
(Lycalopex cualpaeus and Lycalopex griseus) are commonly observed displacing
smaller species in order to feed on puma kills.
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Tropical Forests

In tropical forests Cathartidae and Accipitridae vultures constitute important mem-
bers of the scavenger community (Houston 1979), but they differ substantially in
their distribution and the habitats they occupy. For example, in the tropical forests
of Asia and Africa, obligate vulture species are rare when compared to neotropical
forests, where species such as Cathartidae vultures are well represented. Two New
World vulture species, the turkey vulture and the greater yellow-headed vulture
Cathartes melambrotus, are the most common vultures of neotropical forests. In
these forests, mammalian carnivores are rather inefficient at locating carcasses. This
is a consequence of their limitations in the daily foraging areas covered and the
trade-off between the energy invested to search for food and the distance travelled
to find temporal and unpredictable food resources. Thus, mammalian carnivores are
probably outcompeted by avian scavengers and consume carrion just when the
chance appears. Avian scavengers, which use little energy in soaring (Pennycuick
1983) and can quickly cover large areas of forest, are more efficient carrion foragers
(Houston 1984, 1986).

With respect to obligate vulture species, the consumption of carrion in forest
habitats is possible thanks to the well-developed olfactory lobe and sense of smell
which is used for finding food in forested areas (Chapman 1929; Houston 1984,
1986). The three Cathartes species—the turkey, the greater yellow-headed and the
lesser yellow-headed Cathartes burrovianus—differ only in their wing and tail
shape and in the color of their heads, having the remarkable ability to locate food by
smell (Houston 2001). American black vultures and king vultures Sarcoramphus
papa are also frequent on tropical forests but have no sense of smell; they often rely
on Cathartes vultures behavior to find food.

Agricultural and Other Human-Modified Landscapes

Despite human domination over much of the planet (Waters et al. 2016), scavenging
ecology often has been studied in relatively natural environments (e.g., Houston
1974; Wilmers et al. 2003b; DeVault et al. 2004; Selva et al. 2005). However, stud-
ies conducted in agricultural and other human-dominated environments suggest that
vertebrate scavengers are also very active in such habitats. In this section, we briefly
review studies investigating carrion use by vertebrates in heavily-altered landscapes,
focusing on agricultural habitats, a major land use across the world where diversity
is often reduced and vertebrate communities are dominated by a few generalist spe-
cies (Swihart et al. 2003).

In an intensively farmed region of northern Indiana, USA, small carrion items,
such as mouse carcasses, were scavenged extensively by two species of generalist
mesopredators: raccoons and Virginia opossums Didelphis virginiana (DeVault
etal. 2011). The high scavenging efficiency by vertebrates in the agricultural region
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was attributed to elevated densities of raccoons and Virginia opossums, and the
reduced search area for carrion in the sparsely distributed forested habitat islands
(DeVault et al. 2011). For larger carcasses in the same northern Indiana agricultural
area, Olson et al. (2016) found that 87% of raccoon, Virginia opossum, and rabbit
Oryctolagus spp. carcasses were fed upon by 16 species of vertebrate scavengers,
and included more bird scavengers (seven species) than was found for the smaller
mouse carcasses in the earlier study (DeVault et al. 2011). Other studies have inves-
tigated scavenging efficiency by vertebrates on carcasses (usually birds) found in
agricultural fields themselves. Scavenging efficiency ranged from 38% to 92% for
small bird carcasses (Balcolm 1986; Tobin and Dolbeer 1990; Linz et al. 1997,
Kostecke et al. 2001) and was 96% for large birds (mallards Anas platyrhynchos;
Peterson et al. 2001).

Wide-ranging scavengers that use highly altered, agricultural habitats as well as
more natural habitats have been shown to adjust foraging strategies based upon
available resources. For example, in the USA, turkey vultures fed extensively on
domestic farm animal carcasses in an agricultural region (Coleman and Fraser
1987), whereas their diet was almost exclusively wild vertebrates in a heavily for-
ested area (Kelly et al. 2007). Likewise, in Bulgaria, the diet of the facultative scav-
enging golden jackal Canis aureus included a large percentage of domestic animals
in an agricultural area, whereas in a forested region wild ungulates were the domi-
nant food items (Raichev et al. 2013).

Scavenging efficiency by vertebrates varies widely across human-dominated
landscapes, and appears to be influenced by many factors including habitat, compo-
sition of the vertebrate and invertebrate community, and climate. Broadly, it appears
that carcass use by vertebrates in agricultural regions is equivalent to, or in some
cases higher than that found in more natural habitats. Smaller carcasses produced in
agricultural habitats are usually removed by mammalian scavengers, whereas bird
scavengers often use larger carcasses.

Deserts

In arid and semiarid environments, water availability is often the limiting factor in
the decomposition process. Carcasses can desiccate before they are completely
decomposed in some circumstances (Payne 1965; Parmenter and MacMahon 2009),
and dried-out carcasses are generally less attractive to vertebrate scavengers than
those that retain some water (Parmenter and MacMahon 2009). Water loss from
carcasses is strongly influenced by surface area-to-volume ratios, with smaller car-
casses having higher ratios and, thus, greater water loss rates (Parmenter and
MacMahon 2009).

Despite water limitations, vertebrate scavengers are active in arid environments
and usually feed upon available carcasses, especially when temperatures are cool
(Stoddart 1970; Travaini et al. 1998; Parmenter and MacMahon 2009). Furthermore,
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carcass use by facultative scavengers can actually increase following water short-
ages because of a relative lack of alternative food resources. Brown et al. (2006)
showed that carcass use by vertebrate scavengers increased following a period of
below-average rainfall coincident with the El Nifio Southern Oscillation in semi-
arid southeastern Australia.

Like in other ecosystems, a variety of mammal and bird species are prolific scav-
engers in arid and semiarid environments. Stoddart (1970) studied the fate of 45
black-tailed jackrabbit Lepus californicus carcasses in northwestern Utah, USA. Of
these, 60% were scavenged by birds (species undetermined). In arid southern
Australia, corvids (Corvus coronoides and C. bennetti), wedge-tailed eagles Aquila
audax and red foxes fed extensively on kangaroo offcuts left in the field after butch-
ering (Read and Wilson 2004). Considering smaller carcasses, Rogers et al. (2014)
found that common ravens, kit foxes Vulpes macrotis, coyotes, and greater roadrun-
ners Geococcyx californianus found and fed upon 20 out of 25 carcasses of small
migrating birds that died from colliding with power lines in the Sonoran Desert
(California, USA).

Coastal Systems

The world’s coastline is an estimated 1,634,701 km long, ranging across all the
climatic zones, from the polar, through the temperate, to the tropical regions. Coastal
ecosystems represent the interface between land and sea and provide carrion mainly
via colonies of mammals, seabirds and reptiles or through deposition of carcasses
originated at sea (Polis and Hurd 1996; Moss 2017). Vertebrate scavengers inhabit-
ing the coastal surface and exploiting carcasses provided by pinniped and seabird
colonies include mostly birds and mammals. The procellariids southern and north-
ern giant petrels opportunistically scavenge on dead seals and penguins in Antarctica
(Bruyn and Cooper 2005). In Southern Chile, black vultures, kelp gull and feral
dogs Canis familiaris compete for carrion occurring in a sea lion Otaria flavescens
colony (Pavés et al. 2008). At temperate latitudes, the great black-backed gull Larus
marinus and the red fox consume placenta and dead pups at grey seal Halichoerus
grypus breeding colonies (Twiss et al. 2003; Culloch 2012; Quaggiotto et al. 2018;
Fig. 1). In Namibia (Africa) brown hyenas restrict their range to the coastal area to
scavenge on carrion produced during pupping season of the Cape fur seal
Arctocephalus pusillus (Kuhn et al. 2008).

Similarly, marine inputs deposited on the coastline of California attracted coy-
otes to the shore, causing a numerical response in the population density which
increased between 2.4 and 13.7 times in relation to the adjacent desert (Rose and
Polis 1998). In experimental conditions, fish carcasses on a sandy beach in Australia
determined the formation of consumers’ aggregation around the carrion patches. In
this sub-tropical coastal environment not only the opportunistic Torresian crows
Corvus orru and silver gull Chroicocephalus novaehollandiae, but also the birds of
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prey like the white-bellied sea eagle Haliaeetus leucogaster, whistling kite Haliastur
sphenurus and brahminy kite Haliastur indus, and the lizard lace monitor were
observed scavenging on the fish carcasses (Huijbers et al. 2015). Marine carrion is
crucial in environments such as deserts, sandy beaches and tundra, where productiv-
ity is low (Spiller et al. 2010).

On urbanized beaches in Australia the scavenging community feeding on fish car-
casses included rats Rattus spp., domestic cats Felis catus, dogs and red foxes, but not
raptors. Raptors occurred only in rural areas, where they completely removed carrion
within 24 h (Huijbers et al. 2013). Mammals scavenging at urban locations did not
cover the functional role of raptors, as they could not compensate the extent of scav-
enging activity of the avian counterpart (Huijbers et al. 2015). By changing species
composition of the coastal scavenging community, urbanization has also an impact on
the scavenging processes occurring in these systems. Furthermore, the effect of inva-
sive species, such as the red fox in Australia, can be detrimental to the endemic scav-
engers. Red foxes, for instance, can remove a large number of carcasses during the
night and before the diurnal raptors even start foraging (Brown et al. 2016).

Carrion consumption by coastal scavengers may vary because of human activity
(e.g. Lambertucci et al. 2018). Ronconi et al. (2014) found that great black-backed
gulls living on Sable Island (Canada) rely more on seal carrion as food source than
forty years ago. An increase of the seal population, changes in fish availability,
reduction of fishery discards and alterations in the surrounding ecosystem could all
have led to this shift in gull’s diet.

Marine and Freshwater Systems

In marine systems, carrion is exploited by many invertebrates at any depth, while
vertebrate scavenging species are mostly found closer to the deep-sea floor. In shal-
low waters, fish observed visiting experimental marine mammal carcasses were
found to be feeding on the amphipods colonising the carcass (Jones et al. 1998).
Whale falls in the bathyal zone attract a large number of sleeper sharks Somniosus
pacificus, hagfish Eptatretus deani and Mixine circifrons, and macrourids which
scavenge the soft tissue of the whale carcass. These species characterize the first
stage of the whale consumption, called mobile-scavenger stage, which lasts from
months to years. Around 4400 m depth, grenadiers Coryphaenoides armatus were
observed approaching experimental cetacean carcasses, feeding on the amphipods
at the carcass, rather than scavenging (Jones et al. 1998). Floating whale carcasses
attract scavenging elasmobranchs, such as the great white shark Carcharodon car-
charias, the tiger shark Galeocerdo cuvier and the blue shark Prionace glauca
(Long and Jones 1996; Dudley et al. 2000; Curtis et al. 2006). Although it is thought
that scavenging behavior in sharks is common, this was occasionally observed and
rarely quantified (Fallows et al. 2013). These large predatory fish congregate or soli-
tarily arrive at carcasses attracted by the olfactory cues released by the decaying
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whale and transported by wind (Fallows et al. 2013). Juvenile individuals also scav-
enge on dead whales (Dicken 2008). However, adults are the most frequent atten-
dants of such banquet, which are hypothesized to trigger mating between mature
individuals (Fallows et al. 2013). Scavenging by sharks is common at whale calving
grounds where both carrion and predatory opportunities increase (Bonfil et al.
2010). There is evidence that tiger sharks also scavenge on bird dies-offs at sea
(Gallagher et al. 2011).

Notoriously, killer whales Orcinus orcas, together with sharks, were the main ver-
tebrate scavengers of whale carcasses and their remains produced by the whaling
industry. It is likely that killer whales adopted this opportunistic behavior and special-
ized in scavenging on such nutritious resources when these were patchy and temporally
predictable. Before (and possibly after) the whaling era, instead, scavenging repre-
sented one of the foraging alternatives used opportunistically by these apex predators
(Whitehead and Reeves 2005). Scavenging seabirds, such as kelp gulls, Antarctic skuas
Catharacta antarctica, black browed albatrosses Thalassarche melanophris and differ-
ent species of petrels often associate with hunting killer whales to easily gain some
pieces of food from the remains of the killed prey (Williams et al. 1990).

Carrion in freshwater ecosystems is mainly derived from fish or aquatic birds,
and it is used by a diverse array of scavengers, even Eurasian otters (O’Sullivan
etal. 1992). Some freshwater systems experience a carrion pulse every year derived
from fish migrating to their spawning areas, like salmon (see chapter “Ecological
Functions of Vertebrate Scavenging”). Such food pulses support high-density popu-
lations of brown bears (i.e. Hilderbrand et al. 1999) and other mammals such as
wolves, marten, mink, and coyotes, and a diverse array of avian scavengers includ-
ing bald eagles, ravens, jays, mergansers, gulls, and even owls (Levi et al. 2015).
Some of these predator-scavengers of salmon, like the glaucous-winged gulls (Larus
glaucescens) and brown bears shifted their spatial distribution together with salmon,
thus closely tracking the phenology of their main food resource (Schindler et al.
2013). Mobile scavengers, like gulls, by transporting nutrients derived from fish
carrion to distant locations, have an important impact on local aquatic communities
(Payne and Moore 2006).

Structure of Scavenger Communities

Interactions among obligate scavengers have always been recognized as highly
organized and driven by competition (Kruuk 1967; Wallace and Temple 1987),
whereas scavenging has traditionally been viewed as a more random and opportu-
nistic process for facultative scavengers (Hiraldo et al. 1991). In the last decade,
however, many studies have demonstrated that vertebrate scavenger communities
can show complex patterns that deviate from random processes (Selva and Fortuna
2007). We can consider that an assemblage is structured if it is more ordered than
expected by chance. In random communities, interactions are the result of
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opportunistic encounters (i.e. a facultative scavenger finding a carcass without an
active search for it). Structured communities show identifiable patterns and are a
consequence of one or several interacting processes shaping which interactions are
possible and which more likely (Selva and Fortuna 2007).

One of the patterns that has been used to study the structure of vertebrate scav-
enger communities is nestedness. A community of interacting species is nested if
the specialist species interact with a subset of the species that interact with the
more generalist species (Bascompte et al. 2003). This concept has been widely
identified in interacting communities, especially mutualistic interactions
(Bascompte and Jordano 2007), with important implications for the stability and
persistence of mutualistic networks (Bastolla et al. 2009; Rohr et al. 2014). A
nested pattern in scavenger communities emerges when the species feeding on
carcasses visited by few consumers are subsets of the assemblage of species feed-
ing on carcasses visited by more consumers (Fig. 2). Selva and Fortuna (2007)
were the first authors that identified nestedness in a scavenger assemblage. Since

Fig. 2 Schematic representation of a perfectly nested scavenger community. Light gray circles
represent carcasses, dark grey circles represent scavengers. A carcass is linked to a scavenger if it
is consumed by that species. Scavengers are from top to bottom: vulture, fox, wild boar, raven and
magpie. In this example, the species feeding on carcasses visited by few consumers (i.e. vulture)
are subsets of the assemblage of species feeding on carcasses visited by more consumers (i.e. first
carcass on the top, consumed by all the scavengers). Picture performed by E. Sebastian-Gonzélez.
Silhouettes from The Noun Project https://thenounproject.com, authors: S. Laing, A. Bearne,
M. Turan Ercan, H. Richir, Bluetip Design and P. Lehmann
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then, we know that nestedness is not universal (i.e. it does not appear in all the
scavenger communities), and that it depends on many interacting factors, such as
the type of carcass, composition of the scavenger assemblage, and the competi-
tion degree of the community (Sebastidn-Gonzdlez et al. 2013; Allen et al. 2014;
Moleédn et al. 2015).

The type of carcass is one of the factors affecting the structure of scavenger
communities. For example, the contribution to nestedness (i.e. how much a spe-
cies or a carcass follows the nested pattern) was high in carcasses originated from
human hunting, it was medium for carcasses from predator kills and lower from
animals dead from disease or starvation (Selva and Fortuna 2007). This pattern
is related to the spatio-temporal distribution and predictability of the resources.
Hunter kills are normally aggregated in an area (i.e. hunting spots) and in time
(i.e. hunting season). This can lead to a super-saturation of the resource, allow-
ing the exploitation of carcasses by more consumers (Wilmers et al. 2003a, but
see Cortés-Avizanda et al. 2012 for a different perspective of a similar problem).
In contrast, death by disease or starvation is a much more random process that
can occur at any time and location, and these carcasses are mainly consumed by
carrion specialists. Other carcass characteristic found to be very important for
assemblage structure is size. Scavenger communities consuming larger carcasses
(>10 kg) were organized under a nested pattern, while small carcasses showed a
more random organization (Sebastidn-Gonzdlez et al. 2013; Mole6n et al. 2015).
Larger carcasses may be partitioned by a higher number of species, promoting
both competitive and facilitative processes, which can lead to more structured
communities. Small carcasses, however, are often consumed by a single individ-
ual, increasing the likelihood of opportunistic encounters and the randomness in
the interactions.

Independently of the characteristics of the carcass, the composition of the
scavenger community also has important implications for the structure of the
assemblage. Birds presented a higher contribution to nestedness than mammals,
indicating that they are the main responsible for the nested structure of the com-
munity (Selva and Fortuna 2007). Moreover, Sebastidn-Gonzdlez et al. (2016)
studied scavenger communities in Spain and found that those assemblages
including obligate scavengers (i.e. vultures) were nested, while those lacking
vultures presented a more random organization (see also Sebastidn-Gonzilez
et al. 2013). Two facilitation mechanisms may be behind the role of key species
in the structure of the community: carcass location and skin opening. Avian
scavengers in general, and vultures in particular, are more adapted to scaveng-
ing because of their low energy-demanding search strategies (Selva et al. 2005;
Jackson et al. 2008). Thus, birds are able to encounter and consume most of the
carcasses available in an area and can act as indicators of the presence of the
carcass for other species. If the ability to locate the resource differs among scav-
enger species, the facilitation of carcass location may lead to an increase in the
nestedness of the assemblage. Vultures can also facilitate carcass use to other
species by opening thick-skin animals. Many scavengers are unable to consume
carcasses from intact (i.e. unopened) animals because they lack the tools (e.g.
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strong beak) or the strength to break the skin. The same mechanism has been
proposed for hyenas (Moledn et al. 2015), pumas (Allen et al. 2014) and wolves
(Selva et al. 2003). Limitation of the trophic resources by competitive interac-
tions can also increase nestedness through interspecific dominance hierarchies.
For example, the presence of black bears in a Californian scavenger community
increased nestedness by decreasing complementary use of carrion by other spe-
cies (Allen et al. 2014).

Nestedness has been found to be high under stressful conditions in several ani-
mal communities (Worthen et al. 1998; Baber et al. 2004; Cook et al. 2004).
Theoretical studies on mutualistic interaction networks suggest that nestedness can
reduce competition among species and enhance coexistence (Bastolla et al. 2009;
Rohr et al. 2014). Scavenger communities seem to mirror other animal communities
in their relationship among nestedness and competition. Selva and Fortuna (2007)
found that the scavenger community in the cold season, when food is scarcer and
weather is more extreme, was more nested than at the warm season. Moreover, both
species richness and nestedness are characteristic of scavenger networks that were
robust to high levels of interspecific competition for carrion (Sebastidn-Gonzélez
et al. 2016). Thus, nestedness may favor the coexistence of interacting species by
counterbalancing the effects of high competition.

Thus, we conclude that scavenger assemblages show non-random nested organi-
zations that can emerge when carcasses are not monopolized by a single consumer
(e.g. because they are small). In general, nestedness in scavenger communities is the
consequence of three interacting processes: (1) predictability in the availability of
the resource, (2) facilitative processes provided by key species, and (3) differences
in the abilities of the scavenger species to compete for the carrion.

Conclusions and Future Perspectives

Although there are few obligate scavengers, carrion consumption is a foraging strat-
egy widely spread among vertebrates in all biomes. The scavenger species, the num-
ber of obligate scavengers, and even the adaptations to locate and consume carrion
differ among ecosystems. However, everywhere scavenging is a profitable strategy
to acquire energy, even if sporadic, at the individual, population and community
level, and an important path for energy and nutrient cycling.

Recent advances in technology, such as automatic cameras or satellite teleme-
try, have exponentially improved the amount and quality of collected data, which
have greatly contributed to obtain a complete picture of many scavenger commu-
nities and a better understanding of their functioning. This has been particularly
important for ecosystems where direct observations have been difficult or impos-
sible, like polar or abyssal regions. Although important achievements in scaveng-
ing ecology have been made in the last decades, there are still pending tasks, such
as the identification of all scavenger species in some ecosystems and their inter-
and intra-specific interactions at carrion, or the assessment of the role of carrion
in the ecology and population dynamics of many obligate and facultative scaven-
ger species.
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Box 1 Vultures in Tibet and Sky Burials

The Himalayan range is the mountain region in the world where more species
of vultures exist. However, the information on species population numbers
and ecology for that area is rather limited. Most of the research in southern
Asia comes from India, and is particularly focused on the vulture crisis suf-
fered there (Green et al. 2004). As much as nine species of vultures are found
in the southern portion of the Himalayan range. Eight of those species are
present in China, seven of which are present in the Tibetan plateau as well,
one of the richest vulture regions in the world (MaMing and Xu 2015).

In the Tibetan plateau, which is over 4000 m asl, vultures are the main scaven-
gers and feed not only on wildlife and livestock carrion, but also on human corpses.
A common cultural practice in this area are the sky burials. In this type of funeral
the dead human body is placed on a platform on a mountain from where scavengers
(mainly vultures) consume it. The remains are disposed for scavengers in as gener-
ous a way as possible (Fig. 3). The Himalayan griffon vulture Gyps himalayensis is
the most common species at sky burials, and can be counted at hundreds in a single
funeral; cinereous and bearded vultures are also observed at sky burials (MaMing
et al. 2016). Tibetans believe that the cessation of breathing is only a first stage of
death. Tibetan Buddhists view death as the journey from this life to the next one,
and consider vultures as sacred animals aiding humans in this journey. This makes
vultures highly important for both their environment and culture.

Fig. 3 Vultures in the Tibet feed on human corpses at the called “sky burials”. Photo credit: Lama
Rinczen
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Introduction

Life concentrates biologically limiting resources. Primary producers harness rela-
tively diffuse solar energy and earth elements to produce tissues that feed the vast
array of herbivores globally. Herbivore tissue in turn, as a resource, increases in
nutritional value and feeds a diversity of predators across multiple trophic levels. In
death, animal tissues are consumed or re-enter the cycle via decomposition. In this
way, death disperses biologically limiting resources. This simplification of global
resource cycling via biological pathways highlights the fundamental importance of
dead animal matter (carrion; e.g. vertebrate carcasses) in maintaining biodiversity
and ecological processes, especially in terrestrial ecosystems. Carrion occurs in all
biomes and can be conceptualized as a bottleneck in the vital flow of energy and
limiting nutrients with profound ecological and evolutionary consequences. Until
mortality, consumers temporarily concentrate and sequester energy, nutrients, and
moisture in their standing biomass. As a result, carrion constitutes a critical resource
for a variety of communities and it strongly affects scavenger guilds, the mainte-
nance of biodiversity, and life-sustaining ecological processes (Barton et al. 2013a).
Carrion decomposition is a fundamental ecological process involving the break-
down of dead animals and the recycling of their embodied nutrients and energy
through other organisms and their environment. The decomposition process involves
a combination of physical and biological degradation and breakdown of a carcass
into smaller fragments and its constituent biochemical components. This occurs
through the combined action of intrinsic (e.g. enzymatic and internal microbial pro-
cesses), and extrinsic processes (e.g. fragmentation and consumption by organ-
isms). All of these processes are strongly moderated by a wide variety of abiotic
(e.g. temperature, moisture), and biotic factors such as vegetation and inter-specific
competition among scavengers. In this chapter, we have taken a broad perspective
of carrion decomposition to include all biotic and abiotic processes that affect the
breakdown of an animal carcass. Subsequent chapters give greater detail on the
specific taxa (see chapter “Invertebrate Scavenging Communities”) and processes
(see chapter “Ecological Functions of Vertebrate Scavenging”). We outline the
decomposition process, the role of different groups of organisms, and key moderat-
ing abiotic and environmental factors. We conclude with a discussion of some future
research directions that highlight how different technologies and interdisciplinary
collaboration can yield greater understanding of this important process.

Carrion Decomposition

Animal Carrion as a Distinct Resource

Carrion is a distinctive form of detritus in ecosystems when compared with other
forms of detritus, such as animal dung, fruiting fungal bodies, or the many kinds of
plant detritus, like litter, dead wood, or fruit (Barton et al. 2013a; Finn 2001). It is



Carrion Decomposition 103

important to highlight three key attributes of carrion that affects its decomposition.
First, the remains of animals are generally rare and comprise only a fraction of the
organic biomass in ecosystems (Barton et al. 2013a; Parmenter and MacMahon
2009). In contrast, plant litter is ubiquitous in many ecosystems, from terrestrial
grasslands to marine kelp forests. Although the occurrence of different forms of
plant detritus can vary (e.g. leaves vs. branches), the availability of plant detritus is
generally not as limited as carrion. Second, carrion is very rich in nutrients, whereas
plant litter is comparatively nutrient-poor with low concentrations of key macronu-
trients such as nitrogen and phosphorus (Moore et al. 2004; Swift et al. 1979). The
nitrogen content of carrion can be up to five times higher, and moisture up to 10
times higher, than several kinds of plant litter (Carter et al. 2007). Third, carrion
decomposes orders of magnitude faster than plant litter (Parmenter and MacMahon
2009), and is only available as a resource to other organisms for a brief window of
time. These factors combine to make carrion spatially patchy in occurrence, very
nutrient rich, and ephemeral. These distinctive features of carrion not only make it
a unique resource in ecosystems, but also strongly affects how it decomposes.

The Decomposition Process

The processes responsible for the decomposition of an individual carcass have been
described as creating a ‘cadaver decomposition island’ (sensu Carter et al. 2007).
This decomposition island is a very localized and intense ‘hot spot’ and ‘hot
moment’ of chemical and biological activity that ultimately leads to the breakdown
and recycling of the energy and nutrients in a dead animal through other organisms
and the wider environment. This occurs through both chemical and biological pro-
cesses. The intrinsic chemical processes, such as autolysis and putrefaction, are not
covered in detail in this chapter. Briefly, after death of the animal, cells no longer
receive oxygen or nutrients, and they are unable to maintain normal functioning.
This leads to uncontrolled enzymatic and biochemical activity, which leads to cell
death, autolysis and the breakdown and leakage of cell membranes. A more in-depth
coverage of this aspect of decomposition can be found elsewhere (e.g. Carter et al.
2007; Dent et al. 2004; Forbes and Carter 2015). The extrinsic biological drivers of
decomposition are largely due to other organisms, and is initiated by the rapid pro-
liferation of bacteria present in the digestive tract and on the epidermal surface.
These microbes release their own enzymes that further break down the animal’s
cells. Together with the intrinsic chemical activity, the early stages of decomposi-
tion are characterized by the release of gases, which act as cues that attract early
insect colonizers of carrion that specialize on carrion as a food resource (see chapter
“Invertebrate Scavenging Communities”), and in turn begins the physical break
down of the animal carcass through consumption of internal fluids and tissues.
Further physical decomposition of carrion is facilitated by vertebrate scavengers
that disarticulate carcasses and consume large portions of tissue (see chapter
“Vertebrate Scavenging Communities”). This results in fragmentation of the carcass
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into smaller parts as pieces are physically moved apart and scattered by animals.
The net product of these chemical, biological and physical processes leads to the
decomposition and disintegration of a carcass.

Temporal Progression of Carrion Decay

A key aspect of carrion decomposition is its temporal component, involving the
progressive breakdown of tissues through time. In their detailed review, Michaud
et al. (2015) noted that carrion decomposition is often viewed as a series of steps
or stages by many researchers, and this step-wise description is pervasive in both
the entomological and forensic literature. This view, of course, serves as a useful
way to differentiate between assemblages of species or qualitative features of a
carcass at different points in time. This approach is further perpetuated by sam-
pling and observation methods, which are often necessarily restricted to points in
time, thus leading to clear distinctions when making comparisons among samples
and observations. Nevertheless, it is important to reiterate (with the above-men-
tioned methodological constraints in mind) that little evidence exists of substantive
step-changes in decomposition, and that the process (mostly) occurs gradually
through time. The description of decay ‘stages’ should therefore be considered as
phases of decomposition through which a typical carcass passes gradually and not
abruptly, and care should be taken in focusing on discrete stages where there is a
continuum of change.

A typical classification scheme of temporal decay stage includes fresh, bloat,
active, advance, and dry decay. A fresh carcass lasts for only a few minutes to
hours after death, depending on temperature, before it enters a bloat stage whereby
internal bacteria proliferate inside the gut, and leak into the lymphatic system and
other tissues. The bloating is caused by the gases released by the bacteria and
decaying tissues, and include methane, hydrogen sulfide, and carbon dioxide
(Forbes and Carter 2015). The release of gases during the bloat stage is often the
trigger for colonisation by carrion insects, such as blowflies, with gases acting as
an important cue for species to search and locate the carcass (see chapter
“Invertebrate Scavenging Communities”). Active decay of an animal carcass is
characterized by the putrefaction and liquefaction of carcass tissues, and the
release of a complex array of volatile organic compounds (Forbes and Carter
2015). A rapid loss of carcass mass occurs due to the consumption of tissues by
scavenger organisms, both vertebrate and invertebrate (see chapters “Invertebrate
Scavenging Communities” and “Vertebrate Scavenging Communities”). Moisture
is also lost from the carcass into the environment via evaporation and leakage of
fluids into the soil. Vertebrate scavengers can play a role in disarticulating and
moving larger carcasses, and local weather conditions such as wind and rain, may
play a role in spreading the components of a carcass such as bones, skin fragments
and fur/feathers. Progression into advanced decay involves the final breakdown of
soft tissues and the appearance of the skeleton. Dry decay occurs over a much
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longer time frame, and depending on the environment, the recalcitrant parts of a
carcass, particularly the ligaments, nails, hair, and skeleton, may persist for many
months and years.

The Contribution of Organisms to the Decomposition Process

A diverse range of taxa are involved with the decomposition process, with several
being critical to the rate and/or completeness of decay through either the direct
consumption of carrion, or preying on other organisms that do. Experimental exclu-
sion or removal of different components of the necrobiome have also demonstrated
their importance in accelerating mass loss from a carcass (Lauber et al. 2014; Pechal
et al. 2014a). Below we outline the role of three broad groups of organisms—
microbes, invertebrates and vertebrates—in the decomposition process. We focus
only on the most important taxa, with further and more comprehensive details on
succession and species-specific roles of invertebrates and vertebrates given in other
chapters.

Microbial Decomposers

Microbial decomposers (bacteria, archaea, fungi, protists) have a critical role in the
decomposition of carrion (Carter et al. 2008; Crippen et al. 2015; Lauber et al. 2014;
Metcalf et al. 2015). The diversity of the microbial community found at carrion is
impressive, with many thousands of taxa found both in and on carcasses (Crippen
etal. 2015; Pechal et al. 2013, 2014b). The primary mode of action of both bacterial
and fungal decomposers is the secretion of enzymes to breakdown complex organic
molecules into smaller ones that are then metabolized for their growth and rapid
proliferation. Microbes, primarily bacteria, are present in great numbers both in the
gut of animals and on the surface of the skin. Gut bacteria have a particularly impor-
tant role in the decomposition of animals, and can influence the rate of decay
(Lauber et al. 2014), as well as the appearance and odour of carcasses. The main
aerobic bacteria include several taxa from the Firmicutes and Bacteroidetes phyla,
and anaerobic bacteria include the commonly known Lactobacillus, Streptococcus,
and Staphylococcus that play a role in the fermentation of various organic com-
pounds in carrion (Forbes and Carter 2015). Fungi may become more abundant on
older carcasses as conditions become drier and more hostile for bacteria (Carter and
Tibbett 2003). Importantly, microbial communities play a critical role in accelerat-
ing decomposition rates, and can drive the decomposition process in the absence of
all other eukaryotic organisms. It has been established through experimental work,
for example, that decomposition rates of mice carcasses occurred at twice the rate
in soil with intact microbial communities compared with sterile soil (Lauber et al.
2014). The importance of microbes to decomposition lies in their ability to produce
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a broad array of degradative enzymes, and their ability to colonise and use a broad
range of carrion substrates, including all internal tissues and organs, as well as kera-
tinous hair and skin, and even bone.

Arthropods

Arthropods comprise both primary and secondary consumer trophic roles at car-
casses, and their presence at a carcass can accelerate the decomposition process
through consumption of the different components of a carcass. Surprisingly few
experimental tests have been performed to directly assess the role of arthropods, but
these few studies have identified important contributions (Farwig et al. 2014; Payne
1965; Pechal et al. 2014a). A detailed overview of the different arthropod taxa pres-
ent at carrion is given in chapter “Invertebrate Scavenging Communities”, and here
we focus on their functional roles.

Braack (1987) provided a useful classification scheme of the functional role of
different arthropod groups by synthesizing his research on the arthropod fauna at
carcasses in Africa. Not all functional groups may be present at a carcass in other
parts of the world, or indeed at different carcasses in the same biome. For example,
the rumen contents and large horns of an antelope attract a different set of fauna than
a small carnivore carcass where these elements are absent. The relationship between
the taxa that make up these functional groups (Fig. 1) shows that some taxa may
feed on more than one carcass component, and therefore perform more than one
functional role. This also applies to adults and larvae of the same species, which
may each specialize on a different component. Such variation highlights varying

Pteromelidae and Histeridae ] | Macrochelidae |
Diapriidae
\/ Staphylinidae

Formicidae
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- ~~
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/ X \‘\
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Fig.1 A food web of the main arthropod taxa associated with an impala carcass in southern Africa
(re-drawn from Braack 1987). Different carrion-associated taxa specialize on different compo-
nents of the carcass (shaded grey), but there can be overlap between components of the carcass.
Credits: the chapter authors
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degrees of functional redundancy and complementarity among species at different
carcasses in different biomes. The sarcophagous component feeds on carcass soft
tissues, including muscle and body fluids, and is dominated by various fly taxa (e.g.
Calliphoridae, Muscidae). Several taxa have a minor role, including Diptera:
Piophilidae, Chloropidae, Coleoptera: Silphidae, Cleridae, Scarabaeidae, or
Hymenoptera: Formicidae. The coprophagous component are most relevant to her-
bivore carcasses and are attracted to and feed on the gut contents. Typically domi-
nated by the Scarabaeidae, but other taxa typically found at dung pads will also be
found at carcasses. The dermatophagous component feed on the skin, and is domi-
nated by the beetle taxa Dermestidae and Trogidae. The keratophagous component
is a highly specialized fauna that feed on horns, nails, hair and hooves, and include
the Tineidae and Trogidae. The detritivore component is a more generalized fauna
that feed on various organic material, but is distinct from the Sarcophagous compo-
nent by being opportunistic rather than specialists. The detritivore component
includes many taxa, including those species that specialize on other components,
such as the Formicidae, Dermestidae and Trogidae. The predator component is a
large and diverse group of taxa that feed predominantly on the abundant fly larvae
and eggs, but may also feed opportunistically on other arthropods. The predator
component includes the Formicidae, the beetle taxa Histeridae, Silphidae, Cleridae,
Staphylinidae, and the mite taxa Macrochelidae and Parasitidae. Spiders will also
opportunistically prey upon arthropods on carcass. The parasitic component
includes several wasp species that are parasitoids of fly larvae. Many mites at car-
casses disperse via phoresy, but are technically not parasites of their fly or beetle
hosts. The predator and parasitic functional groups may play a role in decomposi-
tion by moderating the abundance or activity of other consumer groups.

Vertebrates

Vertebrates involved with decomposition are typically termed ‘scavengers’ (see chap-
ter “Vertebrate Scavenging Communities”). They play a key role in the consumption
and fragmentation of large carcasses, and can be responsible for consuming the major-
ity of carrion in some ecosystems (DeVault et al. 2003; Wilson and Wolkovich 2011).
Small carcasses can be entirely consumed by scavengers, but larger carcasses may
only be partially consumed, resulting in disarticulation and dispersal of carcass mate-
rial through the landscape. The importance of vertebrates in carrion removal varies
among ecosystems, but it is clear that vertebrates generally accelerate carrion decom-
position rates where they occur (DeVault et al. 2003; Ogada et al. 2012; Parmenter and
MacMahon 2009). This may depend, in part, on the size and composition of the scav-
enger guild (Sebastidan-Gonzalez et al. 2016; Moleén et al. 2015). Some scavenger
guilds are more diverse than others, with some guilds dominated by only a few large
facultative scavenger vertebrates, such as dingos and raptors in arid Australia (Read
and Wilson 2004), whereas other ecosystems have a relatively large and diverse guild
with both facultative and obligate scavengers, such as lions, hyenas, jackals and
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several vulture species in the Serengeti of Africa (Hunter et al. 2007). Importantly,
many vertebrate predators will opportunistically scavenge on animal remains, and so
also fill an important role in carrion consumption and carcass removal (Mateo-Tomds
et al. 2015; Moledn et al. 2014; Moreno-Opo and Margalida 2013).

Factors Affecting Decomposition

Temperature and Moisture

Temperature and moisture are the two most important abiotic factors affecting the rate
of decomposition of carrion. Temperature is critical in determining rates of chemical
reactions driving autolysis and putrefaction, the metabolic activity of microbes, and
development rates of fly larvae. Moisture is also critical in providing a substrate for
effective enzymatic activity and bacterial proliferation, as well as preventing desiccation
of carrion tissues and larvae of flies. The temperature-dependence of many processes in
the natural world has led to the development of the ‘accumulated degree days’ (ADD)
principle. This principle uses variation in daily temperature and the total time taken for
a process to occur (Simmons et al. 2010). ADD has been examined widely in the foren-
sic sciences (Megyesi et al. 2005; Michaud and Moreau 2009) to generate predictions
for post-mortem interval. This is often based on the developmental rates of key insect
taxa such as flies. The development of fly larvae (and other holometabolous insects)
through their instar stages requires a minimum threshold temperature. Above this thresh-
old (and if sufficient food resources are available), higher temperatures will result in
faster development and faster progression through instar stages until an upper threshold
is reached and survival is reduced. By summing daily minimum and maximum tempera-
tures at a carcass, and relating this to larval instar stage, it is possible to accurately deter-
mine the time the larvae were first deposited at the carcass, and therefore the age (or time
of death) of the carcass. Temperature and moisture are closely linked, with very low
temperatures preserving carcasses for extended periods by reducing moisture availabil-
ity. For example Musk ox (Ovibos moschatus) carcasses in the arctic circle have been
shown to have extended effects on the localized environment, perhaps for over 10 years
and due in part to lower temperatures (Danell et al. 2002). Conversely, extreme high
temperatures can also reduce moisture availability, and can increased likelihood of
mummification of carrion tissues, thus slowing decomposition.

Vegetation and Habitat

Vegetation can affect decomposition by moderating the abiotic environment (i.e.
through provision of shade), as well as by providing habitat to different species
involved with decomposition. Many studies have compared arthropod communities
from different habitats and found important differences. For example, differences in



Carrion Decomposition 109

carrion arthropods between grassland or forest habitats (de Almeida and Louzada
2009), and urban, farmland and forest habitats (Kavazos and Wallman 2012) have
been reported. These differences in species occurrence have the capacity to alter
decomposition rates.

Vegetation structure can also impede access by large vertebrate scavengers. For
example, consider that carrion initially attracts scavengers from a relatively local
area. If the amount of carrion is small it will be consumed by competitively domi-
nant scavengers that arrive first. However, if the amount of carrion is greater than is
swiftly consumed locally, then it is reasonable to expect scavengers to continue to
recruit from increasingly distant areas. Some scavengers, especially avian species,
are more capable of recruiting to or discovering carrion more rapidly than others
(Wilmers et al. 2003). However, the increased feeding radii of avian scavengers is
dependent upon the visibility of carrion. If carrion is sufficient obscured from visual
detection by vegetative or other habitat characteristics then it is reasonable to expect
that differences in decomposition can occur due to varying degrees of carrion use
and disarticulation.

Burial and Soil

Burial can alter decomposition by moderating temperature and moisture, limiting
the external microbial fauna that comes into contact with the carcass, and prevent-
ing access by carrion-feeding arthropods and vertebrates (Carter and Tibbett
2008; Payne et al. 1968; VanLaerhoven and Anderson 1999). Burial therefore
typically slows decomposition. Large carcasses may also produce an adipocere—
a fatty layer that forms around a carcass following biochemical decomposition
and hydrolysis of tissues. This can act as a barrier to nutrient and microbial move-
ment away from the carcass and may prolong the decomposition process (Dent
et al. 2004; Forbes et al. 2005).

Submersion

The decomposition of carrion in aquatic and marine environments is fundamentally
different from that in terrestrial systems (Beasley et al. 2012; Parmenter and
Lamarra 1991; Wallace 2015). The vast majority of research on carrion decomposi-
tion has been conducted in terrestrial environments rather than aquatic environ-
ments (freshwater or marine), and this has influenced much of our understanding of
the process. Some key points of difference between decomposition in terrestrial and
aquatic environments were synthesized by Beasley et al. (2012). These include the
overarching effect of water acting as a medium through which organisms and nutri-
ents must move through to go towards or away from the decomposing carcass. This
can have an effect on which animals are attracted to a carcass via movement of
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chemical cues downstream or with currents. Another critical effect of water is the
moderation of temperature, which is a major determinant of decomposition rate.
Carrion in shallow water can experience fluctuations in temperature extremes,
whereas in deep water temperature is more constant. In marine systems, ocean
depth can determine the composition of the scavenger community and the decom-
position process. Deep sea abyssal biomes (Smith and Baco 2003), for example,
have very different scavenger assemblages than shallow marine environments
(Moore and Howarth 1996), and oxygen concentrations may have a role in which
species are able to colonize carcasses (Anderson and Bell 2014). The decomposi-
tion of carcasses in marine and freshwater environments is also affected by faunal
colonization and succession (see chapter “Invertebrate Scavenging Communities”).
Key points of difference between freshwater and marine systems is the absence of
insects in the marine environment (replaced largely by crustacean arthropods), and
the comparative lack of carrion specialists in freshwater environments. Whether a
carcass is completely submerged, floating at the surface, or in contact with the bed/
floor of the water column, can affect what taxa is able to colonize and how rapidly
the carcass may be consumed.

Carcass Size

The size of a carcass has important implications for how it decomposes, including
its rate of decomposition and what organisms might use the carcass as a food
resource. The size of a carcass affects how it moderates internal and ambient tem-
peratures, which is critical to decomposition rate. Large carcasses can contain more
than 210,000 fly larvae (Braack 1987), and this generates heat that increases internal
temperatures. This can accelerate microbial and intrinsic decay processes relative to
smaller carcasses that cannot accommodate such large maggot masses. For exam-
ple, Hewadikaram and Goff (1991) showed that 15 kg pig carcasses had higher
internal temperature relative to 8 kg carcasses. Further, they showed that the internal
temperature of small pig carcasses more closely matched that of ambient
temperatures.

The ecological study of carrion has been conducted on many kinds of carcasses
(Barton et al. 2013a), including bison (Towne 2000), pigs (Madra et al. 2015), kan-
garoos (Macdonald et al. 2014), rabbits (De Jong and Chadwick 1999), rats (Carter
et al. 2008), and even slugs (Woodcock et al. 2002) to name but a few. This has
resulted in a wide range of separate studies involving different carcasses. Due to the
requirements of proper scientific method, samples are typically replicated across the
same kind of animal carcass. This has meant that few studies have explicitly com-
pared decomposition among different carcass types to see how this attracts different
sets of organisms (but see Mole6n et al. 2015; Parmenter and MacMahon 2009).
One way to understand the effect of carcass size is to view each carcass as a food
particle (Moledn et al. 2015). When viewed this way, the size of a carcass will deter-
mine what organisms will use it as a food resource, and therefore the fate of the
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carcass and its nutrients. To illustrate this point, carcasses of very small animals (i.e.
insects, small rodents) are typically consumed whole by scavenging animals such as
birds or other small vertebrates (DeVault and Rhodes 2002). Very large carcasses
(e.g. ungulates) can often be larger than any of their predators or potential scaven-
gers. In these instances, each carcass may support multiple species of scavenger
organism (Selva et al. 2005), and this introduces new factors such as species interac-
tions that may affect decomposition. A study by Moleén et al. (2015) found that
scavenger assemblages were more species rich at larger carcasses, and that this was
largely due to the presence of facultative scavengers (i.e. mammal carnivores) rather
than obligate scavengers (i.e. vultures). A consequence of this size-driven assem-
blage difference was that decomposition rate, expressed as percentage biomass con-
sumed, was negatively associated with carcass size, indicating that rate of decay
was slower for bigger carcasses.

Ecological Theory Underpinning Carrion Decomposition

The study of carrion decomposition has been informed by several important theo-
ries relating to populations and communities of carrion-associated organisms. Most
work on carrion decomposition has been dedicated to case studies and detailed field
observations, with less emphasis on hypothesis testing and development of theory
(Michaud et al. 2015). The ecological attributes of carrion are well known, and
include its (relatively) predictable decay pattern (Payne 1965; Schoenly and Reid
1987) and its unpredictable patchiness and ephemeral occurrence (Barton et al.
2013a; Braack 1987; Doube 1987; Finn 2001). These ideas capture much of the
theory describing faunal communities involved with carrion decomposition, includ-
ing succession, competition, and coexistence and aggregation. Other processes link
carrion to ecosystems at larger scales, including carrion-based subsidies of com-
munities and resource pulse dynamics (Oro et al. 2013; Polis and Hurd 1996; Yang
2006), as well as predators decoupling carrion distribution from live-prey distribu-
tion (Bump et al. 2009a).

Succession

The succession (i.e. the sequenced arrival and departure) of different organisms at a
carcass through the decomposition process is very well documented (Bornemissza
1957; Matuszewski et al. 2011; Mégnin 1894; Payne et al. 1968; Schoenly and Reid
1987). Succession theory is one of the most widely used theories relating to carrion
decomposition, especially with regard to the study of the diversity and structure of
arthropod communities (Barton et al. 2014; Benbow et al. 2013; Hobischak et al.
2006; Richards and Goff 1997), and its application to the estimation of postmortem
interval for forensic purposes (Archer 2014; Pechal et al. 2014b; Schoenly 1992;
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Schoenly et al. 1992). Indeed, there is evidence that the concept of succession was
first formalized by forensic entomologists working with human cadavers in the late
1800s (Mégnin 1894), which contrasts with the history of succession theory usually
attributed to plant ecologists in the early 1900s (Michaud et al. 2015). Succession
theory as it relates to carrion, however, differs somewhat from how it is applied to
other ecological phenomena such as plant colonization and community develop-
ment following disturbance (Turner et al. 1997). This is because carrion decomposi-
tion does not lead towards a ‘climax’ community where species and resources reach
equilibrium. Rather, carrion is a finite resource that rapidly reduces in quality and
quantity until depleted.

The processes driving succession relate to the change in carrion quality through
time, including changes in the moisture and nutrient content, as well as the mix of
volatile organic compounds released from the carcass. A fresh carcass is fundamen-
tally different to dry remains in this regard, and this determines which specialists,
generalist scavengers, and higher predators, will be attracted to a carcass at different
points in time. Indeed, the temporal change in the ‘signature’ of chemicals released
from a carcass may be an important mechanism driving insect succession, although
his has not been explicitly tested (Michaud et al. 2015). Another key mechanism
behind succession is facilitation (Connell and Slatyer 1977). It occurs when species
present at a carcass have a role in modifying the resource after its arrival, thus pre-
paring the carcass for colonization by another species. Although suggested by some
(Schoenly and Reid 1987; Smith and Baco 2003), it has not been explicitly tested
(Michaud et al. 2015).

Competition

The rare occurrence of carrion, and its high nutrient content, produces intense
competition among species for the limited resources available at carcasses
(Braack 1987; Kneidel 1984). This has led to the selection of key traits of spe-
cies to enable them to rapidly disperse, locate, colonize, and feed on the carrion
for growth and development of offspring (Tomberlin et al. 2011). Any species
that can perform these tasks faster or more efficiently than others can potentially
monopolize the resource and have a competitive advantage. Direct competition,
however, should lead to the evolved specialization of species to reduce overlap
in their resource requirements. It is evident that niche specialization exists
among scavenger communities, especially for diverse arthropod assemblages
(Bessa et al. 2014; Braack 1987) and obligate vertebrate guilds (DeVault et al.
2003). However, there are other mechanisms that also underpin competitive
dynamics, such as resource partitioning, population aggregation, and chemically
mediated interactions.

Partitioning of carrion resources among species can occur within and among
individual carcasses. Different combinations of species of arthropods and verte-
brates have been shown to utilize different kinds and sizes of carcasses (Hewadikaram
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and Goff 1991; Moleén et al. 2015; Sebastidan-Gonzdlez et al. 2016) and this repre-
sents a kind of resource partitioning among different carcasses. Nestedness in
species-rich vertebrate scavenger assemblages has been reported from carcasses in
Spain (Sebastidn-Gonzélez et al. 2016) and in Poland (Selva and Fortuna 2007),
and is thought to be a consequence of competition among species-rich assemblages.
This non-random occurrence of species among carcasses is evidence of partitioning
among carcasses. However, partitioning is best known within carcasses where dif-
ferent species utilize different parts of a carcass (e.g., Fig. 1). For some species,
competition may have resulted in niche differentiation, such as among flies com-
peting for moist tissues and fluids (e.g. Calliphoridae, Muscidae; (Hanski 1987b).
For other species, partitioning may represent an adaptation to an available niche
where there is low competition. The tough, keratinous horns and hooves of some
animals, for example, is exploited by tineid moths or trogid beetles and few other
arthropods (Braack 1987), likely due to low competition for this challenging
substrate.

Interactions between competitively superior and inferior species can affect levels
of coexistence among species seemingly sharing the same patchy resource. The
‘aggregation model of coexistence’ for a community of species sharing a single
resource proposes that if the distribution of a competitively superior species is spa-
tially aggregated, i.e. clumped at patches, then this frees other patches of resource
to be colonized by competitively inferior species (Atkinson 1985). This model has
been examined in detail for communities of carrion flies (Hanski 1987a; Ives 1991),
and has shown a general tendency for increasing aggregation to lead to increasing
levels of coexistence among species competing for the same carrion resource.
Factors such as carcass size and habitat quality have also been shown to affect spe-
cies aggregation and levels of species coexistence (Woodcock et al. 2002). Another
consequence of competition among species for a patchy resource is the evolved
capacity for rapid location, colonization, and exploitation of the resource patches
(Barton et al. 2013b; Ruxton and Houston 2004). The early arrival of a species prior
to a competitor, may confer a competitive advantage by providing a window of
opportunity to consume the resource unencumbered by other species. Such ‘priority
effects’ are another potential mechanism underpinning patterns of succession and
coexistence among species competing for the same resource (Alford and Wilbur
1985; Brundage et al. 2014).

Competitive interactions among decomposers and scavengers can be mediated
by chemicals. For example, the interactions between microbial decomposers and
vertebrate carrion consumers has been known for some time (DeVault et al. 2003;
Janzen 1977). However, it is only more recently that examples have been docu-
mented for the competitive exclusion of arthropods by bacteria (Burkepile et al.
2006; Tomberlin et al. 2012) and bacteria by arthropods (Hoback et al. 2004; Rozen
et al. 2008). This competitive dynamic might have significant implications for rates
of carrion decomposition if rapid consumption by flies, for example, is prevented.
Further implications for ecosystems may include diversion of nutrients into the soil
decomposer system where they are metabolized in the soil by bacteria and fungi at
the site of a carcass.
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Top-Down Versus Bottom-Up Effects on Carrion Communities

The study of foodwebs often focuses on a plant-herbivore-predator perspective of
trophic interactions and community structure, but this overlooks the importance of
detritus (both plant and animal) as an alternative resource base (Barton 2015; Moore
et al. 2004). The role of carrion resources in structuring scavenger communities is
poorly understood, although this is growing for some vertebrates (DeVault et al.
2003; Wilson and Wolkovich 2011). Further details on vertebrate scavenger com-
munities is given in chapter “Vertebrate Scavenging Communities”. Theory sug-
gests that carrion resources may underpin a larger amount of energy and nutrient
flow than consumption of live prey (Wilson and Wolkovich 2011).

Carrion can have an important role in structuring food-webs via top-down (i.e.
predator-based) regulation of lower trophic levels and bottom-up (i.e. resource-
based) regulation of higher trophic levels (DeVault et al. 2003; Dyer and Letourneau
2003; Mateo-Tomas et al. 2015). Although the top-down vs. bottom-up dichotomy
is a useful way to conceptualize trophic interactions, recent evidence has shown that
predators often have multiple links to other components in a foodweb. For example,
many predators (arthropods and vertebrates) will consume carrion when the oppor-
tunity arises (Moledn et al. 2014; von Berg et al. 2012; Wilson and Wolkovich
2011). This suggests that a compartmentalized view of trophic levels is simplistic,
and that the role of predators in structuring carrion-centered food webs are more
complicated and warrant further study.

There are several examples of bottom-up control of scavenger communities, par-
ticularly in island or cave ecosystems (Polis and Hurd 1996; Schneider et al. 2011).
Such systems often lack primary production, and may be entirely dependent on
external detrital resources, including carrion, as a source of energy and nutrients.
For example, work by Polis and Hurd (1995) examined the role of carrion on oce-
anic islands. They revealed a causal relationship between marine-derived carrion
and terrestrial foodweb dynamics of islands. Another example involves work by
Schneider et al. (2011) and the manipulation of amounts of carrion in a series of
caves. They showed that carrion-associated arthropod communities in these caves
were profoundly affected by carrion addition and removal, thus revealing the extent
to which these cave biota are dependent upon outside carrion subsidies (Schneider
et al. 2011).

Decomposition Linkages Between Ecosystems

The movement of carrion within and across ecosystems can underpin the function-
ing of some food webs and ecosystems by subsidizing detritus resources (Polis et al.
1997). For example, many small or young islands have very limited autochthonous
biomass production due to limited soils or unfavorable growing conditions. In these
environments, carrion from nesting birds, or fish, bird and seal carcasses washed in
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from the sea, can supplement the resource base for the island food web. This has
been demonstrated by Polis and Hurd (1995) on islands in the Gulf of California,
where they measured invertebrate densities on a range of islands of different size.
Carrion inputs were shown to be critical to these ecosystems, and supported high
abundances of scavenger invertebrates and their spider predators.

The movement of carrion across ecosystems can also occur through the migra-
tion of live animals. A good example of this is the migration of anadromous salmon
(e.g. Salmo spp. and Oncorhynchus spp.) up streams from the ocean as part of their
annual spawning runs (Hocking and Reynolds 2011). This migration from marine to
freshwater ecosystems, and the subsequent die-off of thousands of individuals
results in the mass transfer of substantial quantities of salmon biomass, with bene-
fits for many scavenger invertebrates (Hocking et al. 2009). A similar phenomenon
has been documented for the mass emergence of aquatic insects and their dispersal
to nearby riparian and terrestrial habitat (Dreyer et al. 2012, 2015). Although insect
carcasses are small, this is made up for by their sheer quantity and high densities.
Such carcass-mediated transfers of carbon and nitrogen can be substantial across
ecosystem boundaries, and has the potential to affect ecological processes and nutri-
ent cycling.

Patch Dynamics and Landscape Heterogeneity

The spatial and temporal patchiness of animal carcasses in the environment has
been repeatedly found to influence the dynamics of species populations and assem-
blages at carrion (Barton et al. 2013a). Much of this work, however, has been at
small scales with a focus on individual carcasses. This has helped to consolidate the
dominant paradigm of the ‘ephemeral resource patch’, which provides an effective
general framework for how resource patchiness can affect the spatio-temporal
dynamics of species populations or communities (Finn 2001). It also draws concep-
tual parallels between carrion resources and other spatially discrete and temporary
resources, such as dung pads (Doube 1987), fungal fruiting bodies (Heard 1998)
and plant fruits (Sevenster and VanAlphen 1996). By contrast, scaling up this work
to understand the role of carrion in landscapes and ecosystems has been rare (Bump
et al. 2009a). Further, an outward perspective that questions the larger-scale role of
carrion in nutrient cycling and landscape heterogeneity is lacking, despite there
being some high-profile evidence of the large-scale impact of carrion (Hocking and
Reynolds 2011; Yang 2004).

The patchiness of carrion can affect landscape heterogeneity in terms of biodi-
versity and ecological processes. For example, two carcasses at different decay
stages will support a greater range of species than two carcasses at the same decay
stage, and this has consequences for supporting overall biodiversity within land-
scapes (Barton et al. 2013a). Carcasses can also drive soil nutrient heterogeneity
(Bump et al. 2009a), and can provide establishment opportunities for grasses
(Barton et al. 2013b) and for trees (Barton et al. 2013b; Bump et al. 2009b). When
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in sufficient quantities, and multiplied across space and over time, the geographic
location and turnover of carcasses can have significant effects on whole ecosystems
(Bump et al. 2009a).

It was previously thought that well-consumed carrion did not contribute to eco-
logical heterogeneity. We have learned, however, that in some cases even well con-
sumed carrion can cause significant physical disturbances and nutrient pulses that
alter mosaics of biogeochemical complexity, nutrient availability, microbial bio-
mass, activity, and composition, and soil biodiversity. Consumptive activities dis-
perse carrion resources beyond a discrete area. Carcass sites also concentrate other
materials resulting from the activity of consumers. Initially, carcass sites receive
resource inputs from predators and scavengers, including feces and urine. Enhanced
plant quality and growth at carcass sites can attract herbivores and their predators,
which also results in excretory inputs (Danell et al. 2002, 2006; Towne 2000).
Insects and birds may also contribute significant inputs of chitin and keratin, respec-
tively. Cumulatively, these inputs can extend the duration and quantity of energy
and nutrient exchange at carcass sites, thereby producing positive feedbacks that
prolong elevated levels of heterotrophic activity and ecological heterogeneity. These
changes affect above ground biomass, community composition, foliar nutrient lev-
els, and tree seedling establishment and sapling growth (Bump et al. 2009a, b;
Towne 2000). The ability of carrion to alter steady-state edaphic and ecological
properties represents a strong, reciprocal feedback between above and belowground
communities. This occurs via mortality of above ground organisms, which leads to
multiple effects on belowground communities that then alter aboveground ecologi-
cal properties (Bardgett and Wardle 2010; Dreyer et al. 2015; Schmitz et al. 2010).
As a consequence, this work is highly cross-disciplinary, spanning multiple scales
of ecological inquiry.

Conclusions and Future Perspectives

Knowledge of carrion decomposition will continue to inform many aspects of ecol-
ogy, biodiversity conservation, natural resource management, as well as the forensic
medical sciences. The decomposition of carrion results from a complex series of
chemical, biological, and physical processes that ultimately recycles the energy and
nutrients embodied in an animal through other organisms and its environment.
Understanding of carrion decomposition has been developed by specialists in chem-
istry, medical pathology, microbiology, soil science, entomology, and ecology, and
the future of decomposition research will need to foster deeper interdisciplinary
collaboration among these specialists.

Key emerging areas of carrion decomposition research will stem from advances
in technology and the rapid reduction in costs of various forms of molecular analy-
sis. Further advances will also come from multi-disciplinary research that integrates
molecular and ecological perspectives. Emerging areas and advances in carrion
decomposition will also benefit from increased spatial variance sampling that will
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allow researchers to determine under what circumstances carrion decompositions
contributes to or diminishes environmental heterogeneity at multiple scales. At the
macro scale, continued comparative investigation of controls (e.g. weather, disease,
predation) of carrion distribution in space and time are necessary to predict how
climate change will likely affect carrion availability and decomposition in
ecosystems.

Molecular Tools and the Microbial Frontier

Rapid developments in technology, including improved instrumentation and com-
putational power, is generating ever increasing amounts of biomolecular data. This
is true for all aspects of the life sciences, and there is clear potential to apply this to
understanding carrion decomposition. One example of this is the emergence of
ecogenomics and the rapid assessment of diversity, composition and function of
hyperdiverse microbial communities (Metcalf et al. 2015; Pechal and Benbow
2016; Pechal et al. 2014b). A particularly exciting area of research is the role of the
microbiome in decomposition, and how this is influenced by other carrion-feeding
organisms such as blowflies (Pechal et al. 2013). Although each carcass has its own
community of microbes in its gut and on its skin, the effect of colonizing insects in
bringing new bacteria to a carcass, and potentially altering decomposition patterns,
remains poorly understood. The diversity and composition of the microbiome is
likely to have important effects on carrion decomposition, and the rapid and accu-
rate assessment of microbial diversity using molecular tools will be critical to this
future research area (Crippen et al. 2015; Metcalf et al. 2015; Pechal et al. 2014b).
Further, there is the unknown possibility of carrion gut microbiota ‘seeding’ soils,
potentially increasing localised soil microbial diversity and broader spatial micro-
bial heterogeneity.

Community Interactions

There is a renewed focus on understanding the dynamics and interactions among
species associated with carrion, and which combine to form the ‘necrobiome’
(sensu Benbow et al. 2013). This includes all the microbial, arthropod, and verte-
brate taxa that are part of the carrion foodweb and are responsible for the decompo-
sition of carrion. An exciting and emerging area is the interaction between microbes
and insects. As noted above, the microbiome of a carcass has a hugely important
role in its decomposition (Metcalf et al. 2015), yet interactions among insect species
and among insects and bacteria also have important implications for decomposition
(Pechal et al. 2013; Tomberlin et al. 2012). Research into the complex interactions
among species, within and among carcasses, and at multiple spatial scales, is emerg-
ing as critical to understanding the decomposition process (Benbow et al. 2015),
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and its role in driving biodiversity dynamics, nutrient cycling, and ecosystem func-
tioning more broadly (Barton et al. 2013a).

Particular recent interest in vertebrate scavengers (e.g. Moleén et al. 2014;
Wilson and Wolkovich 2011) stems from the decline of apex predators in many
ecosystems worldwide (Estes et al. 2011) and subsequent functional replacement
by a range of other predators. Apex predators, such as lions or wolves, generate
carrion by leaving the un-consumed remains of kills (Bump et al. 2009a), which
is used by other smaller predators and scavengers. However, many predator spe-
cies increase their scavenging of carrion during times of low prey availability
(Wilson and Wolkovich 2011). This can result in changed structure of food webs,
and altered pathways of nutrient and energy flow through ecosystems. A research
priority is therefore understanding how changes to carrion food webs, and their
species interactions, might translate to changes in ecosystem functioning (Barton
et al. 2013a; Tomberlin et al. 2011; Wilson and Wolkovich 2011). A significant
barrier to this work, however, is the lack of studies that have compared communi-
ties of multiple taxa such as microbes, arthropods, birds and carnivores (but see
Parmenter and MacMahon 2009; Read and Wilson 2004; Selva and Fortuna 2007;
Tomberlin et al. 2012).

Despite the recent recognition of the ecological importance of carrion, the spatial
and temporal dynamics of carrion distribution via large vertebrate carcasses is com-
paratively unexamined. Yet, it is of fundamental ecological importance because
large vertebrate carcasses can facilitate niche provisioning and specialization, and
alter resource competition dynamics for other species. For example, carcass-derived
nutrients can shift competitive relationships among primary producers (Barton et al.
2013b; Bugalho et al. 2011; Towne 2000), serve as a disturbance mechanism (Danell
et al. 2006), and carcass sites constitute specialized, critical habitat for obligate car-
rion feeders and reproducers (Selva and Fortuna 2007).

Decomposition and Global Change

Many aspects of global change have the potential to alter carrion dynamics and the
decomposition process. This includes changes to land use and the habitat that sup-
ports carrion scavenger and decomposer communities (DeVault et al. 2011; Klein
1989), and the transmission of disease and the timing and magnitude of animal mass
mortality events (Fey et al. 2015). The drivers of land use change include agricul-
tural expansion and intensification, as well as urbanization. When changes to land
use occur, some consumers of carrion may be lost, or their spatial or temporal dis-
tribution changed, with potential implications for decomposition processes and
rates (Kavazos and Wallman 2012; Klein 1989). For example, loss of species may
result in reduced functional complementarity and redundancy among carrion con-
sumers. It is already known that many vertebrates will opportunistically scavenge
on carrion (see chapter “Vertebrate Scavenging Communities”), and there is evi-
dence that some intra-guild compensation occurs when dominant scavengers are



Carrion Decomposition 119

removed or lost due to land use changes (Olson et al. 2012). Similarly, several spe-
cies of blow fly (Diptera: Calliphoridae) typically co-occur at carcasses, but recent
evidence suggests that urbanization affects fly community composition (Kavazos
and Wallman 2012), and this is likely to change levels of inter-specific competition,
and perhaps even carrion decomposition rates.

Far less is known about the potential impacts of global climate change on carrion
decomposition. The strong temperature dependence of the decomposition would
suggest this important process is highly vulnerable to temperature changes, with
higher temperatures likely accelerating rates of decay. However, the impact of cli-
mate change on species of microbe or insect critical to decomposition, or their inter-
actions, is unknown. An expected effect includes range shifts due to changes in
optimal developmental envelopes (Chen et al. 2011; Walther et al. 2002), and this is
likely to move species into new areas, and out of existing ones. This has implica-
tions for both the ecology of carrion decomposition and its application to forensic
problems that depend on knowledge of species presence and development rates.
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Introduction

The role of vertebrate scavenging in food web dynamics has historically been mini-
malized and portrayed as the activity of a select group of obligate scavengers (e.g.,
vultures), with a simplistic linkage between carrion and detritivores in food webs.
Research in the last few decades, however, has revealed that the role of carrion in
food web dynamics is severely underestimated, highly complex, and pervasive
among ecosystems across the globe (DeVault et al. 2003; Selva and Fortuna 2007,
Wilson and Wolkovich 2011). Such observations have led to a surge in research
interest in scavenging ecology that continues to reveal new information on the eco-
logical functions of scavenging and the complex role scavengers play in the cycling
of nutrients within ecosystems.

Although the functional role of scavengers in ecosystems has been recognized
by some ecologists for many years, the importance a single guild of scavengers
can have on ecosystem processes was underappreciated by many prior to the col-
lapse of Gyps vulture populations in Asia in the 1990s due to accidental poisoning
with diclofenac, a non-steroidal anti-inflammatory drug that was administered to
cattle (Oaks et al. 2004). This tragedy has served as a cornerstone example of the
ecosystem services provided by scavengers, as well as the potential impacts of
anthropogenic activities on ecosystem function (DeVault et al. 2016). Scavengers
have historically been some of the most persecuted species across the globe
(Ogada et al. 2012a). However, while direct persecution remains a threat to scav-
engers in some areas, ecosystem services provided by scavengers also are being
eroded due to numerous other anthropogenic factors (e.g., climate change, trophic
downgrading, habitat loss and fragmentation, contaminants). Many of these fac-
tors have far reaching impacts, from the deep sea to arctic ecosystems, and have
the potential to disrupt nutrient cycling dynamics across all levels of biological
organization.

As a rapidly growing sub-discipline within the field of ecology, substantial
advancements continue to be made in our understanding of the role carrion and
scavenging play in individual- to ecosystem-level processes (Benbow et al. 2019).
In this chapter, we highlight the ecological functions of vertebrate scavenging in
both terrestrial and aquatic ecosystems, including those functions that directly ben-
efit humans (i.e. ecosystem services). Specifically, we have delineated specific sec-
tions devoted to nutrient cycling, biodiversity maintenance, and disease control,
drawing upon examples and case studies from ecosystems across the globe. We also
discuss the impact of anthropogenic activities on the availability of carrion within
the context of ecosystem functions, as this topic is of growing importance among
researchers studying scavenging dynamics. Although substantive progress has been
made in our knowledge of scavenging dynamics over the last few decades, there are
many aspects of scavenging ecology that remain unanswered and represent impor-
tant areas for future research. Thus, we conclude the chapter with a brief section
highlighting a few areas where additional research is particularly needed to con-
tinue advance our understanding of nutrient cycling and scavenging dynamics.
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Nutrient Recycling

Food Web Complexity

Scavenging by vertebrates promotes food web complexity, provides routes by which
communities may sequester resources at higher trophic levels, and may subsidize
particular populations of vertebrates during otherwise food-limited times of the
year, resulting in more stable food webs. Food webs are conceptual frameworks
used to better understand ecosystems, but many food webs fail to account for tro-
phic connections made through scavenging (Wilson and Wolkovich 2011). For
example, early food webs were linear (Elton 1927), which precluded the recogni-
tion of many feeding relationships (Lindeman 1942). Later publication of curated
food webs (Cohen 1978) and mathematical insights about connections in communi-
ties (May 1972) catalyzed a burst of scholarly activity devoted to determining the
nature of the relationship between community complexity—that is, the number and
strength of links in the food web—and community stability (Dunne 2006).

Yet, despite advancing the stability-complexity debate, these curated food webs
(e.g., the cascade model of Cohen et al. 1990) were found to inaccurately character-
ize ecosystems because they specifically prohibited some categories of real feeding
relationships that are commonly expressed as a function of scavenging. In particu-
lar, ‘loops’ were eliminated from a number of notable curated food webs (Pimm
1982; Lawton 1989; Cohen et al. 1990). Loops occur in real food webs because
omnivores feed at more than one trophic level (top-down effects) and because con-
sumers receive feedback from the trophic levels they consume (bottom-up effects;
Dunne 2006). Thus, loops are an important facet of scavenging ecology, because
scavenging facilitates feeding relationships that are typically limited by ecological
barriers such as physical size or behaviors like aggression (e.g., see Olson et al.
2016; Turner et al. 2017; chapter “Vertebrate Scavenging Communities”).

In counterpoint to the structural limitations of some curated webs, Polis (1991)
describes incredibly detailed sub-webs from a desert habitat within the Coachella
Valley of California, U.S. Another detailed food web was published by Martinez
(1991), this time from a lake in Wisconsin, U.S. Notable differences between these
and previous webs included the large number of species, high number of feeding
relationships noted for each species, relatively long food chains making up the
webs, and frequent observation of looping and omnivory (Polis 1991). Important
implications for food web theory aside, Polis (1991) draws particular attention to
the fact that connections between species become more numerous when researchers
remove the various constraints they had placed on their search for connections. For
example, the consideration of parasites as actors in food webs increased food web
connectance by 93% (Lafferty et al. 2006). If, as Polis (1991) argues, there is no
good reason to place limits on the feeding relationships that are entered into food
webs, the acknowledgement of relationships that occur via scavenging of carrion
will also increase complexity of food webs (Wilson and Wolkovich 2011). To take
an example from the Coachella Valley food web, lagomorphs (Sylvilagus and Lepus
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spp.) are prey for perhaps 10-15 species throughout life (approximated from Polis
1991). Yet, McKinnerney (1978) noted 63 arthropod and four vertebrates engaged
in feeding on experimentally-placed lagomorph carcasses in similar habitats, most
of which would have been unaccounted-for links in the food web. The addition of
carrion-related connections to food webs creates a large number of loops, both dis-
tant and tight. Wilson and Wolkovich (2011) estimated that in 23 well-studied food
webs scavenging-related links were underestimated substantially at 1.4% of links.
By considering connections likely to occur based on scavenging behavior, in those
same food webs scavenging could have conceivably accounted for 22% of total
links after the adjustment (Wilson and Wolkovich 2011). Clearly, feeding relation-
ships that connect through animal carcasses increase food web complexity.

Scavenging and Food Web Stability

Although a complexity-stability theory for ecological food webs is not yet fully
resolved, two themes have emerged from research on real food webs that support a
potential role for scavenging to affect food web stability. Connectance is a measure
of link saturation, and refers to the percentage of possible links that are realized in
any given food web (May 1972). Food webs with higher connectance have been
shown to exhibit greater stability (De Angelis 1975; Dunne et al. 2002). Further, the
degree of a food web’s nodes—that is, the number of predators and prey connected
to each species (Wasserman and Faust 1994)—also influences food web stability, but
in a more complicated way. Increased heterogeneity in degree distributions seems to
foster a more stable food web (Neutel et al. 2002). Because scavenging results in
sometimes unorthodox links between species (DeVault et al. 2003; chapter ““Vertebrate
Scavenging Communities”), scavenging increases connectance in food webs (Wilson
and Wolkovich 2011; Schlichting et al. 2019). Moreover, the degree to which numer-
ically dominant facultative scavengers participate in scavenging behavior varies
widely. This variation highlights the fact that many scavenger relationships represent
weak links—the very kind of links that influence degree heterogeneity in networks
like food webs (McCann et al. 1998; Neutel et al. 2002; DeVault et al. 2003).
Another mechanism by which scavenging may affect food web stability stems
from the inherent relationship between food web stability and the population
dynamics of its constituent species (Tilman 1996). Few species are obligate scaven-
gers (Ruxton and Houston 2004a), and as ubiquitous as scavenging behavior is at
the species level among vertebrate taxa (DeVault et al. 2003), individual facultative
scavengers often choose to engage in their preferred foraging method rather than
scavenging. Scavenging is often described as a feeding relationship based on need,
and as such the importance of scavenging-derived resources is thought to vary dra-
matically for many species. Gese et al. (1996) found that the ability to scavenge on
ungulate carrion was central to coyote Canis latrans activity budgets during winter,
particularly if deep snow made travel difficult. In that system, social dominance
predicted access to carcasses, because dominant coyotes would sequester fresh car-
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casses and allow lower-ranked individuals access to scavenge only after feeding for
several days (Gese et al. 1996). Grizzly bears Ursus arctos horribilis may also
depend on carrion during winter, but seem to scavenge in order to replenish energy
reserves after emerging from hibernation (Green et al. 1997). Alternatively, scav-
enging may provide a means for vertebrates to compensate for energetically-
intensive activities such as migration. Bald eagles Haliaeetus leucocephalus follow
this example where they have been shown to scavenge salmon Oncorhynchus nerka
carcasses plentiful in a particular area along their migration route (Restani et al.
2000). In these situations, scavenging-derived nutrients represent important subsi-
dies for some portion of the population or at some time of the year. Research in
scavenging ecology is just beginning to elucidate the exact role that this unique
feeding relationship has in maintaining ecosystem stability.

Scavenging Alters the Trophic Distribution of Carrion-Derived
Nutrients

Studying the assemblage of species that feed on a vertebrate carcass provides
insights into trophic connections that simply are not present when the animal is
alive. If we were to count the number of necrophagy-based links that could be added
to food webs based on our knowledge of scavenging by vertebrates (DeVault et al.
2003) and based on our knowledge of decomposition by invertebrates and microbes
(VanLaerhoven 2010), the majority of new links—numerically, if not always in
terms of overall energy flux—would connect the deceased vertebrate to inverte-
brates and microbial consumers (i.e., decomposers) rather than to other vertebrates
(chapter “Carrion Decomposition”). The numerical importance of invertebrate and
decomposer-derived links holds across terrestrial and marine ecosystems (DeVault
et al. 2004; Beasley et al. 2012). However, the trend would not be without notable
vertebrate exceptions. White-tailed deer Odocoileus virginianus, a large obligate
herbivore common across much of North America, have been observed removing
small mammal carcasses (Rooney and Waller 2003; DeVault et al. 2011). Because
there are no published accounts of deer preying on live small mammals, the deer-
small mammal link could be added to the food web only if we considered scaveng-
ing to be part of food web theory. Although this particular relationship is probably
rare (1 in 234 mice based on DeVault et al. 2011), a body of work has emerged that
demonstrates the near ubiquity of scavenging behavior across vertebrate taxa
(DeVault et al. 2003).

Despite the numerical advantage enjoyed by invertebrate and microbial decom-
posers at carrion (Janzen 1977; DeVault et al. 2003), vertebrate scavengers are the
focus of many investigations. The attention paid to vertebrate scavengers is
undoubtedly enhanced by the fact that vertebrates are more easily recognizable
than invertebrates or microbes, certainly at the species level, by means of direct
(McKinnerney 1978; Hertel 1994; Cortés-Avizanda et al. 2012) or indirect obser-
vation (Jedrzejewska and Jedrzejewski 1998; DeVault et al. 2004; Selva et al. 2005;
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Killengreen et al. 2012). Beyond that technical consideration, there are two main
arguments for the importance of vertebrate scavenging on ecosystem processes.
First, the most frequent scavengers in many systems are also predators (i.e., facul-
tative scavengers; DeVault et al. 2003; Wilson and Wolkovich 2011), and predators
have outsized influence on prey and on primary production via trophic cascades
(Schmitz et al. 2000). Second, vertebrate scavenging is interesting because of its
impact on the flow of carcass resources to the surrounding food web (Wikenros
et al. 2013; Beasley et al. 2015). Vertebrate scavenging disproportionately impacts
carcass resources, because even one vertebrate scavenger can deny carcass
resources a direct path to the detrital pool, thereby maintaining carcass resources
at higher trophic levels (Beasley et al. 2015). Simultaneously, vertebrate scaveng-
ing preempts or halts the acquisition of carrion resources by invertebrate and
microbial decomposers by co-opting the carcass or by ingesting and killing inver-
tebrate and microbial competitors along with the carcass (Janzen 1977; DeVault
et al. 2003). The presence or absence of vertebrate scavenging, and the nature of
the species doing the scavenging, therefore has important implications for the
cycling of nutrients. The importance of vertebrates in determining the fate of indi-
vidual carcasses is amplified by the fact that most carcasses in many ecosystems
are scavenged by vertebrates (DeVault et al. 2003; Mateo-Tomds et al. 2015; Olson
et al. 2016; Sebastidan-Gonzalez et al. 2016; chapter “Vertebrate Scavenging
Communities”).

Transportation of Carrion Within and Between Ecosystems

While decomposers mostly enhance/promote nutrient recycling into the soil sur-
rounding the carcass, arthropods and vertebrate scavengers contribute to the trans-
port of carrion-derived nutrients (Schlichting et al. 2019; chapter “Carrion
Decomposition”). This is mainly done by consuming carrion and later producing
excretions away from the carcass, but also by transporting parts of the carcasses.
Although some arthropods can take away carcass portions, e.g. some carrion beetles
Necrophorus spp. may roll and bury a carrion ball, vertebrate scavengers are mainly
responsible for transport of carrion at longer distances. Many scavengers have been
documented caching carrion in presumably less risky places and later returning to
retrieve and consume the carcass (Magoun 1976; Selva 2004a). In Biatowieza Forest,
carrion retrieval was recorded in the jay Garrulus glandarius, raven Corvus corax,
white-tailed eagle Haliaeetus albicilla, fox Vulpes vulpes, and pine marten Martes
martes; wolves Canis lupus were often documented carrying carcass pieces few
kilometers away from the kill. Caching meat is common among ravens and other
corvids as well as many mammalian carnivores, and seems to be more widespread
among scavengers at higher latitudes (Heinrich and Pepper 1998; Selva 2004a).
One of the most notable examples of carrion transport between ecosystems is the
annual return of spawning salmon from the sea to the rivers, which represents a
pulsed resource of marine nutrients into freshwater and terrestrial systems
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Fig. 1 Salmon are a notable example of carrion transport between ecosystems, representing a
pulsed resource of marine nutrients into freshwater and terrestrial systems. Photo credit: Adam
Wajrak

(Cederholm et al. 1999; Gende et al. 2002). Salmon carrion “fertilizes” streams and
provides high-quality food for fishes and invertebrates. Salmon, both alive and
dead, are also consumed by a wide range of terrestrial vertebrates, including bears,
wolves, coyotes, and numerous avian scavengers, and by a diverse community (>60
species) of terrestrial invertebrate decomposers (Hocking et al. 2009; Levi et al.
2015). Among salmon consumers, brown bears Ursus arctos are a keystone species
for the transfer of salmon carrion and nutrients into adjacent forest (Fig. 1). After
capturing salmon in the rivers, brown bears move to the adjacent land to feed on
energy-rich portions, leaving for scavengers carcasses from the salmon they kill
which are only partially consumed (Gende et al. 2004). Bear foraging and other
scavengers’ activities play a crucial role in making salmon-derived nutrients avail-
able to terrestrial vegetation and subsidizing the forest. Indeed, the salmon-bear
interaction can provide up to 24% of riparian nitrogen (N) budgets (Helfield and
Naiman 2006).

The transfer of marine carrion into adjacent lands is often mediated by scaven-
gers. For example, seal (Phocidae) carrion may subsidize Arctic foxes Vulpes lago-
pus in Canada during low-density phases of the cyclic lemming Dicrostonyx
richardsoni population (Roth 2003). Marine carrion reaching the coast also sup-
ported higher densities of coyotes in desert areas of California (Rose and Polis
1998). These allochthonous carrion inputs to scavengers exert notable effects on
bottom-up regulation, top-down control and the complexity and structure of trophic
interactions (Rose and Polis 1998). (see chapter “Carrion Availability in Space and
Time” on Carrion Exchange at the Terrestrial-Aquatic Interface).



132 J. C. Beasley et al.
Agquatic vs. Terrestrial Systems

The fundamental processes of decomposition and scavenging are similar among
ecosystems across the globe, with a diverse assemblage of microorganisms, inverte-
brates, plants, and vertebrates playing critical roles in the assimilation and redistri-
bution of nutrients within the ecosystem. However, the composition and functional
role of each of these groups can vary widely among ecosystems, as well as the
resulting spatial and temporal diffusion of carcass nutrients, processes ultimately
driven by fundamental differences in both abiotic conditions and emergent proper-
ties of air and water (Beasley et al. 2012).

In particular, the three-dimensional nature of aquatic ecosystems facilitates the
movement of carrion by wave action, upwelling, and sinking, diffusing the nutrients
within carrion sources across a much larger spatial scale than occurs in terrestrial
ecosystems (Britton and Morton 1994). This diffusion of nutrients is most dramati-
cally recognized in pelagic ocean habitats where disparate scavenging communities
exist between the photic zone (where most nutrient production and sources of car-
rion occur) and organisms living in the benthic zone, where the existence of deep-
sea scavengers is inextricably linked to productivity of nekton (i.e. raining organic
matter) from the surface (Gooday et al. 1990; Britton and Morton 1994; Smith et al.
2008). Thus, the redistribution of nutrients sequestered in carcasses within aquatic
ecosystems is complex and largely depends upon the speed of vertical dissemina-
tion of carrion through the water column. Carcass particulates can be even more
mobile than whole carcasses, dispersing tens to hundreds of kilometers or more
within aquatic ecosystems through wave action and diffusing aquatic carrion across
vast spatial scales in three-dimensional space.

In contrast, within terrestrial ecosystems the processes of scavenging and decom-
position are primarily localized around the origin of the carrion resource, creating a
tight linkage between processes of nutrient production, scavenging, and decomposi-
tion in terrestrial ecosystems that is absent in many aquatic ecosystems (Wardle
et al. 2004). Such localized concentrations of resources, even when scavenged, can
create biogeochemical hotspots within terrestrial soils that alter the nutrient compo-
sition of forest soils, influencing the growth and species composition of local plant
communities for years (Bump et al. 2009a, Hocking and Reynolds 2011; Barton
et al. 2013; chapter “Carrion Decomposition”). Similar analogs also exist in benthic
ecosystems where, once settled on the sea floor, large carrion falls (e.g., whales—
Cetacea) create a localized flux of organically-enriched sediments surrounding car-
casses that are colonized by dense assemblages (e.g., up to 40,000 per m?) of
crustaceans and annelid worms; although such enrichment of sediments does not
appear to occur for carcasses <50 kg in size (Smith and Baco 2003).

However, even within terrestrial ecosystems food-web linkages between scav-
enging guilds can vary widely among ecosystems, primarily due to underlying dif-
ferences in abiotic conditions (e.g., temperature, rainfall). Such differences are
particularly pronounced when comparing arctic and tropical ecosystems, although a
latitudinal gradient undoubtedly exists in the role of microbial, invertebrate, and
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vertebrates in the assimilation of carrion; gradients affecting guild membership also
are pronounced between humid and arid environments (Parmenter and MacMahon
2009). Aquatic ecosystems (particularly benthic habitats), in contrast, are buffered
to some degree by temporal changes in weather, potentially minimizing seasonal or
even daily fluctuations in competitive interactions and nutrient assimilation between
microbes, invertebrates and vertebrates that exists in terrestrial ecosystems (DeVault
et al. 2003; Beasley et al. 2015). Such competitive interactions and consistency
among guilds involved in recycling of carrion nutrients is further modulated by
reduced temperatures in benthic ecosystems, which minimizes the role of bacteria
in the redistribution of nutrients (Beasley et al. 2012). Thus, despite the similar
functional role of the redistribution of carrion nutrients within food webs, the
strength and consistency of individual linkages can vary widely among ecosystem
types, complicating our understanding of food web dynamics and the impacts of
anthropogenic activities upon such processes.

Biodiversity Maintenance

Obligate and Facultative Scavengers

Although most, if not all, carnivorous animals will eat carrion under certain condi-
tions (DeVault et al. 2003; Fig. 2), some species rely heavily on carrion and thus are
often referred to as scavengers rather than predators (chapter “Vertebrate Scavenging
Communities”). Adaptations attributed to a scavenging lifestyle include rapid and
efficient locomotion to locate an ephemeral and sometimes unpredictable food sup-
ply, well developed visual and/or olfactory senses, a large body size to withstand
periods of food shortage, and the ability to withstand or detoxify products of micro-
bial decomposition (Houston 1979; Ruxton and Houston 2004a, Shivik 2006).
There appears to be a continuum of species with varying levels of adaptation for
finding and consuming carrion (DeVault et al. 2003), and even within species some
individuals scavenge more than others (Shivik and Clark 1999).

Despite this continuum, scavenging animals are generally classified as either
obligate (species that scavenge exclusively) or facultative (predators that also
occasionally scavenge, i.e., most carnivorous vertebrates) (chapter “Vertebrate
Scavenging Communities’”). Most researchers agree that the only terrestrial obligate
scavengers are the Old and New World vultures (families Accipitridae and
Cathartidae) (DeVault et al. 2003; Beasley et al. 2015). Indeed, even terrestrial spe-
cies such as coyotes and spotted hyenas Crocuta crocuta, which are generally con-
sidered to be excellent scavengers, obtain most of their food by killing live prey
(Gasaway et al. 1991; Linnell et al. 1995). In contrast, a great deal of discussion has
been devoted to the question of whether aquatic obligate scavengers exist (e.g.,
Britton and Morton 1994; Kaiser and Moore 1999; Ruxton and Houston 2004b,
Ruxton and Bailey 2005). Regardless of whether some aquatic species are able to
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Fig. 2 Although vultures are globally recognized as important vertebrate scavengers, there is
growing evidence that most vertebrates will opportunistically scavenge carrion when available.
Facultative scavengers in Midwestern USA (clockwise) include golden eagle (Aquila chrysaetos),
striped skunk (Mephitis mephitis), Virginia opossum (Didelphis virginiana), and coyotes (Canis
latrans). Photo credit: Kelsey Turner and James Beasley

survive solely on carrion, it is clear that some are extremely well adapted for scav-
enging, having acute chemoreception, efficient locomotion, and being able to with-
stand long periods of food shortage (Tamburri and Barry 1999; Smith and Baco
2003). Additionally, the question of obligate scavenging has been argued with
respect to long-extinct species (e.g., Tyrannosaurus rex; Ruxton and Houston 2003;
Carbone et al. 2011).

Seemingly lost in discussions of “scavenger” vs. “predator” is the fact that even
the clearest examples of obligate scavengers—vultures—occasionally kill and eat
other animals, especially relatively helpless, newborn livestock (Lowney 1999;
Avery and Cummings 2004; Margalida et al. 2014). It seems unreasonable that any
carnivorous animal would choose not to kill and consume vulnerable prey, espe-
cially when carrion is scarce. Along these lines, we suggest that some well-adapted
aquatic scavengers (e.g., hagfish; family Myxinidae) are likely just as “obligate” as
many species of vultures (chapter “Vertebrate Scavenging Communities”), and that
such classification exercises are generally unhelpful. Many terrestrial and marine
organisms have developed mechanisms to survive largely, if not exclusively, on car-
rion, showing the importance of necrophagy to their livelihood.
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Marine and Terrestrial Examples of Biodiversity

Carrion is a nutrient rich resource utilized by a diverse array of facultative and obli-
gate scavengers across the globe and thus plays a critical role in shaping species
diversity and nutrient cycling within ecosystems (Barton et al. 2013; chapters
“Invertebrate Scavenging Communities”, “Vertebrate Scavenging Communities”,
and “Carrion Decomposition”). Moreover, carrion can affect the composition of
local soil (Melis et al. 2007; Bump et al. 2009a, b, Parmenter and MacMahon 2009),
microbial (Yang 2004), arthropod (Melis et al. 2004), and plant (Towne 2000) com-
munities and thus can have substantive effects on biodiversity and function within
ecosystems. Such widespread use of carrion resources among levels of biological
organization has led to intensive inter-kingdom competition for acquisition of nutri-
ents sequestered within carrion resources. This competition has resulted in intensive
selection pressure on many species that utilize carrion resources.

For example, some species of arthropods have evolved highly sensitive chemo-
receptive abilities allowing them to locate vertebrate carrion resources at the time
of, or soon after, death (Tomberlin et al. 2005). Oviposition by these flies is further
influenced by complex interactions with microbes that dictates attraction and repul-
sion of conspecifics to a carcass and plays an important role in survivorship of
deposited eggs (Lam et al. 2007; Zheng et al. 2013). Similarly, intensive intra- and
interspecific competition exists among burying beetles for access to a carcass as
larvae from a single clutch can consume an entire carcass (Miiller et al. 1990).
Among vertebrates, vultures are the most well-known exemplars of species with
adaptations conducive of a scavenging lifestyle, with each species exhibiting unique
adaptations to minimize niche overlap for a sparse and unpredictable food source.
For example, although both black Coragyps atratus and turkey vultures Cathartes
aura overlap extensively in distribution, both species have evolved disparate che-
moreceptive abilities, social behavior, and flight ability (Kirk and Mossman 1998;
Buckley 1999). Similarly, bearded vultures Gypaetus barbatus have evolved for
specialized feeding on bone marrow and bones of animal carcasses to minimize
interspecific competition with other old world vultures that primarily consume flesh
(Margalida et al. 2009). However, adaptations that facilitate the detection (e.g.,
mobility, chemoreception) or reliance (e.g., fasting ability) on carrion are pervasive
among terrestrial and aquatic vertebrate communities.

Regardless of ecosystem type, carrion is patchily distributed in both space and
time, creating heterogeneity in community richness and composition. The spatial
and temporal extent of such effects are largely influenced by the physical properties
of carcasses (e.g., size), environmental conditions (e.g., temperature, humidity), and
ecology (e.g., energy requirements, home range size, reliance on carrion resources)
of scavenging guilds (DeVault et al. 2003; Mole6n et al. 2015; Turner et al. 2017,
chapter “Carrion Availability in Space and Time”). For example, a single small
mammal carcass likely has a much more profound effect on the nutritive status of
small- vs. large-bodied facultative scavengers (e.g., red fox vs. brown bear).
Similarly, the influence of carrion on the survival and reproduction of facultative
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scavengers likely differs geographically as a function of ecosystem productivity,
with the most profound effects of carrion resources occurring in the arctic or other
landscapes with reduced vertebrate diversity (Fuglei et al. 2003). However, the role
of carrion subsidies to survival and reproduction is largely unknown for most facul-
tative scavengers.

Carcasses alter concentrations of inorganic N and phosphorous (P) in local soil,
increasing the species richness and diversity of surrounding plant communities
(Towne 2000; Parmenter and MacMahon 2009). Although such effects may be more
pronounced for larger vertebrate carrion at a local scale, smaller vertebrates are
often more abundant and thus likely equally significant in their contribution to nutri-
ent cycling and dynamics at the landscape scale. For example, in portions of their
invasive range coqui frogs Eleutherodactylus coqui can reach densities of >91,000
adult frogs/ha (Beard et al. 2009) and their carcasses are readily scavenged by ver-
tebrates (Abernethy et al. 2016). Similarly, rodents, amphibians, invertebrates and
other small organisms can achieve remarkably high densities in some ecosystems
and thus represent large pools of potential carrion. Such influxes of nutrients through
carrion (even scavenged carrion) create biogeochemical hotspots in local soils that
alter plant community dynamics and thus aid in maintaining plant biodiversity by
creating heterogeneity in resource availability throughout the landscape (Bump
et al. 2009a). Shifts in abundance and community diversity at carcass sites also are
observed in microbial and fungal communities where up to a 400% increase in
microbial biomass has been observed in soil under a single rat Rattus rattus carcass
(Bump et al. 2009b, Barton et al. 2013).

Aside from microbial communities, arthropods are generally the most abundant
and species diverse group of organisms at a carrion source and their influence on
decomposition processes can be profound (Barton et al. 2013; Pechal et al. 2014).
Moreover, among biological communities that utilize carrion, niche separation and
specialization across a multitude of carrion resources is probably most prevalent
within the invertebrate community. Vertebrate carcasses can be further broken down
into disparate components (e.g., flesh, skin, fluids, stomach content, hooves and
horns), each of which can serve as a unique attractant to a diverse assemblage of
invertebrate scavengers (Braack 1987; chapter “Invertebrate Scavenging
Communities”). Of these, carcasses are dominated by soft tissues and thus such tis-
sues support the greatest biomass and diversity of attendant arthropods. In particu-
lar, blow-fly larvae can achieve numbers in excess of 200,000 on a single carcass,
dominating carcass colonization and biomass consumption of soft tissue, especially
during warmer months (Payne 1965). Such competition for carrion resources has
led to the evolution of a diverse community of species able to take advantage of
other animal components such as rumen content (e.g., Scarabaeidae, Muscidae),
skin (e.g., Dermestes maculatus), keratinized tissues (e.g., Ceratophaga vastella,
trogid beetles), and remaining detritus following consumption of carcasses (e.g.,
ants) (Braack 1987). In addition, numerous invertebrate species (e.g., Histerid bee-
tles) utilize carrion indirectly by preying on other invertebrates, particularly blow-
fly larvae at carcasses (see chapter “Invertebrate Scavenging Communities”). Such
concentrations of invertebrates at carcasses is further exploited by parasitic species
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(e.g., parasitic wasps—Diapriidae, Pteromalidae), that target developing pupae
(Braack 1987). Thus, carcass sites represent hotspots of invertebrate biodiversity
that facilitate the maintenance and propagation of species diversity within inverte-
brate communities.

Such competition among invertebrates for resources sequestered within carrion
is further enhanced through competition with vertebrates. In some ecosystems, ver-
tebrates may assimilate as much as 90% of the available carrion and thus there is an
intensive inter-kingdom “arms-race” for carrion resources that is driving the evolu-
tion of species reliant upon carrion (DeVault et al. 2003, 2011). Although only a few
groups of vertebrate taxa have evolved as obligate scavengers (see above), nearly all
vertebrates will utilize carrion opportunity and can be considered facultative scav-
engers (DeVault et al. 2003; Beasley et al. 2015). This propensity to scavenge
underscores the importance of scavenging-derived nutrients in vertebrate communi-
ties and suggests scavenging behavior may have profound effects on food web sta-
bilization (Wilson and Wolkovich 2011). Despite the growing awareness of the
pervasiveness of scavenging among vertebrates across a wide range of taxa and
ecosystems, the influence of carrion on survival and reproduction are largely
unknown for many facultative scavengers, although such effects are potentially pro-
found, particularly in resource-limited ecosystems.

The sequential colonization and use of carcasses by invertebrates has been well
documented (Byrd and Castner 2010). Such patterns are sufficiently predictable and
they represent a cornerstone of forensic investigations regarding time of death
(chapter “Invertebrate Scavenging Communities”). Temporal heterogeneity in car-
cass use by vertebrates does not appear to be as predictable or prevalent, although
there is recent evidence of some temporal partitioning in arrival times between sym-
patric black and turkey vultures, likely due to differences in their natural history
(Beasley, unpublished data). Rather, spatial or temporal variation in carcass use by
vertebrate species is likely more heavily influenced by local densities, abiotic fac-
tors, and community assembly (Selva and Fortuna 2007; Sebastidn-Gonzalez et al.
2013; Allen et al. 2014).

Succession among scavenging communities utilizing carrion is especially pro-
nounced in deep sea ecosystems due to low temperatures, increased pressure, and
reduced microbial activity (Smith and Baco 2003; chapter “Methods for Monitoring
Carrion Decomposition in Aquatic Environments”). Although few studies have
quantified community composition and succession at carcasses in abysmal ecosys-
tems, observations at large cetacean carcasses suggest a single carcass can provide
a nutrient-rich food source to hundreds of thousands of scavengers comprising
nearly 200 species, lasting up to several years (Smith and Baco 2003). In contrast,
large vertebrate carrion in terrestrial ecosystems can be assimilated by insects and
microbes within days or months (Coe 1978; Selva et al. 2003; Carter et al. 2007).
Thus, despite the spatio-temporal unpredictability of carrion in vast marine ecosys-
tems, the persistence of carrion due to reduced microbial activity appears to be an
important contributing factor to the evolution and maintenance of a diverse array
of species in these ecosystems by broadening the range of niche space (Butman
et al. 1995).
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In particular, large cetacean carcasses clearly serve as hotspots of biological
diversity within deep-sea ecosystems, the effects of which may last for decades
(Smith and Baco 2003). Such carcasses have been hypothesized to serve a critical
role as dispersal stepping stones for some deep sea vent and seep fauna and there is
evidence some species may in fact be whale carcass specialists (Smith and Baco
2003). Whales can provide hotspots of activity even among large apex predators.
For example, Fallows et al. (2013) observed up to 40 white sharks Carcharodon
carcharias feeding on an individual whale carcass in a single day, with more than
5 individual sharks scavenging on the carcass in over 50% of their observational
days. In addition to whale carcass specialists, there also is evidence to support the
evolution of additional carrion specialists in marine ecosystems such as bone-eat-
ing Osedax worms (Rouse et al. 2004) and bone-eating Rubyspira snails (Johnson
et al. 2010).

Creation of Localized Hotspots of Biodiversity

Because carrion is such an energy- and nutrient-rich resource, the availability of
a carcass marks the beginning of an intense competition among microbes, inver-
tebrates, and vertebrates to sequester carrion resources (DeVault et al. 2003).
There are several attributes of carrion that might serve to maintain biodiversity
in ecosystems. First, carrion is an ephemeral resource that is quickly attenuated
(Coe 1978). The fast reduction time of dead animal matter is likely due to the
fact that animal bodies represent one of the highest concentrations of N and P in
ecosystems (Cornaby 1974; Swift et al. 1979; Carter et al. 2007). Rapid attenu-
ation of carrion means that the resource is not ubiquitously available, at least at
the level of an individual consumer (Ruxton and Houston 2004a). The individual
consumer therefore perceives carrion as unpredictable in space and time (Wilmers
et al. 2003a). Resource unpredictability is an important factor in biodiversity main-
tenance, because unpredictable resources are unlikely to be monopolized by a
particular consumer (Cortés-Avizanda et al. 2012). Even the highly specialized,
obligate scavenging vertebrates lose some of every carcass to combinations of
microbes, invertebrates, and facultative vertebrate scavenger competitors (DeVault
et al. 2003). Second, if carrion was a homogenous resource, the principle of com-
petitive exclusion would suggest that it would be impossible for carrion to host
the diverse field of consumers that are known to use it for food and reproduction
(VanLaerhoven 2010). Rather than being used as homogenous resources, carcasses
are partitioned by carrion obligate scavengers (Kruuk 1967); each species working
to extract resources from their own realized niche (Hutchinson 1957). For exam-
ple, past and present vulture assemblages are comprised of animals with different
specialties in terms of their feeding strategy at carcasses (Hertel 1994; Houston
1979), and invertebrate species also partition carcasses by concentrating on par-
ticular areas or tissues (McKinnerney 1978; Hanski and Kuusela 1980). Carrion as
a resource is defined as being rich in energy and nutrients, unpredictable in space
and time, ephemeral where it occurs, and heterogeneous in composition, a list of
properties that has primed carrion resources to be the focus of competitions that
have shaped a number of species’ evolutionary histories. Carrion itself provides
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niche space through these competitive interactions that result in its hosting remark-
able biodiversity, but carrion effects are not limited to the confines of the carcass.

Unless preserved after death, carcasses enter a linear and predictable sequence of
stages leading to their reduction (Carter et al. 2007). Whether a carcass undergoes
carrion decomposition on the one hand or carrion removal by vertebrates on the
other represent a branching point for carrion nutrients in the ecosystem. In the
absence of vertebrate scavenging, decomposition by microbes and invertebrates
retains many carcass nutrients in situ. Carcass leachates created by (or released by)
microbe and invertebrate action enrich the soil surrounding the carcass and aide in
the formation of nutrient-abundant cadaver decomposition island (Carter et al.
2007). Carcass nutrients are then available for use by whole assemblages of soil
microbes in addition to the nearby plant community (Melis et al. 2007; Bump et al.
2009a; see chapter “Carrion Decomposition” for more details on carrion
decomposition).

Vertebrate scavengers can dramatically affect the outcome, this linear and pre-
dictable trajectory, of decomposition by removing (consuming) carrion resources.
Carrion removal by vertebrates halts decomposition, halts the formation of a cadaver
decomposition island (Carter et al. 2007), prevents the flush of nutrients to nearby
soil and foliar communities, and generally disrupts the localized burst of biological
activity that coincides with a decomposing carcass (Bump et al. 2009b; Beasley
et al. 2015). Therefore, carrion can provide an intense resource pulse to nearby soil
and foliar networks, causing a flush of growth in nearby plants and population
growth in the soil microbiome (Wilson and Wolkovich 2011). Alternatively, carrion
can be removed by vertebrate scavengers, mitigating further competitive interac-
tions for carcass resources as the vertebrate monopolizes remaining resources and
predates entire assemblages of microbial and invertebrate carcass colonizers (Polis
1991). In this way vertebrate scavenging strongly influences the biodiversity associ-
ated with carrion resources, and likely has influenced the evolutionary arms race
that has produced so much biodiversity at carcass resources (DeVault et al. 2003).

Disease Control

Many authors have speculated on the role of scavenging in disease ecology (see
Bellan et al. 2013 and references therein), but until recently few studies had consid-
ered how scavengers affect the spread of pathogens across landscapes (see chapter
“The Role of Scavenging in Disease Dynamics”). Superficially, it would seem that
scavengers could potentially proliferate diseases across large areas: animal car-
casses can serve as hotspots for infectious materials, and scavengers often have
large home ranges, foraging at widely-spaced carcasses (e.g., Houston 1979;
DeVault et al. 2004). Many scavengers can visit a single large carcass before
advanced decomposition (Jennelle et al. 2009). Also, at least some infectious mate-
rials can survive the digestive process of certain scavengers (VerCauteren et al.
2012). On the other hand, scavengers could reduce carcass-derived pathogens. Well
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adapted scavengers are often highly resistant to disease (Shivik 2006). For example,
griffon vultures have highly acidic stomachs (pH of 1-2), which most pathogenic
bacteria are unlikely to survive (Houston and Cooper 1975). Further, black and
turkey vultures have extremely selective gastrointestinal tracts and most bacteria are
killed during the digestive process (Roggenbuck et al. 2014).

Recent studies suggest that the composition of the scavenging community can
strongly influence disease dynamics from carrion (Beasley et al. 2015). Ogada et al.
(2012b) excluded African vultures from experimental carcasses and found that car-
cass persistence tripled, with resulting increased carcass use by mammals. Contacts
between mammals at carcasses also increased in the absence of vultures, maximiz-
ing the probability of disease spread (Ogada et al. 2012b). Similarly, Hill et al.
(2018) observed a >tenfold increase in the number of rabbit carcasses not fully
scavenged among vulture-excluded carcasses. The dramatic decline of vultures in
south Asia (caused by unintentional poisoning; Green et al. 2004; Oaks et al. 2004)
also demonstrated how changes in the vertebrate scavenger community can influ-
ence disease. In the near-complete absence of vultures, human health costs from
rabies increased dramatically (Markandya et al. 2008), apparently due to increased
use of large carcasses by feral dogs and rats and subsequent population increases
(Pain et al. 2003; Prakash et al. 2003).

It is clear that vertebrate scavengers can substantially influence disease dynam-
ics. Under certain conditions, scavengers can facilitate the spread of some diseases,
or alternatively, reduce carcass-derived pathogens across landscapes. Research sug-
gests that the composition of the vertebrate scavenger community (e.g., one domi-
nated by vultures vs. mammals) can mediate disease proliferation (e.g., Markandya
et al. 2008; Ogada et al. 2012b). However, the role of vertebrate scavengers in dis-
ease dynamics is a fledgling area of study. Future research should examine the abi-
otic and biotic conditions that regulate the movement and propagation of
carcass-derived pathogens within and across landscapes (see chapter “The Role of
Scavenging in Disease Dynamics” for more information on the role of scavenging
in disease dynamics).

Case Studies from Well-Studied Systems

Midwestern USA: Local Scavenger Guild Diversity and Its
Effect on Carrion Removal

The midwestern United States is best described as a human-dominated landscape
(Fig. 3a). Habitat fragmentation is severe with development sprawl, road networks,
and mechanized agriculture serving to reduce overall habitat area and connectivity
for wildlife species (Moore and Swihart 2005). Scavenging trials were conducted in
northcentral Indiana, a state in the Midwestern US, to explore scavenging ecology
in human-dominated landscapes. The original natural habitat across much of the
Midwestern US and in Indiana was forest. However, fragmentation has reduced the
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Fig. 3 (a) Example of a a highly fragmented agricultural ecosystem where vertebrate scavengers
are often concentrated within remnant native habitat interspersed within a matrix of agriculture.
Explore the area through Google Street View by clicking on https://goo.gl/maps/ZBSFW?22iRUL2.
(b) The Biatowieza Primeval Forest along the Polish-Belarussian border, which is one of the best
preserved European lowland temperate forests of its size. The Bialowieza Primeval Forest (https://
goo.gl/maps/Hb7DKihP8tk) is inhabited by a diverse animal community, including 5 species of
ungulates and 40 species of raptors and carnivores. Photo credits: James Beasley (left) and Nuria
Selva (right)

natural forest habitat into small patches referred to as woodlots. The woodlots in
this study system acted essentially as habitat islands in a matrix of row crop agricul-
ture and human development. Woodlots were small in general: 50% of forested
habitat on the landscape exists in patches <2 ha in size, 75% exists in woodlots
<5 hain size, and only 1% of all forested habitat exists in woodlots >100 ha (Moore
and Swihart 2005). From an ecological perspective, the landscape is inhabited by a
truncated vertebrate fauna consisting mainly of those species that could adapt to a
pervasive human presence. Top predators have been extirpated since at least the
early 1900s (Whitaker and Mumford 2010), leaving a guild of mesopredators in
their stead. Populations of some generalist mesopredators such as the Virginia opos-
sum Didelphis virginiana and raccoon Procyon lotor have flourished for a number
of reasons and have reached tremendous abundances (Beasley et al. 2011).

The pervasive ecological effects of such highly abundant mesopredator popula-
tions translated readily to affect scavenging ecology. When comparing the propor-
tion of small mammal carcasses removed by vertebrates in the fragmented
Midwestern study site to that in an intact, forested landscape in the southeastern US,
the vertebrate scavenger community was much more efficient in the Midwest
(Fig. 4a). Moreover, raccoon and opossum scavenging was responsible for removing
nearly all of vertebrate-consumed small mammal carcasses in the Midwestern study
site with a guild richness of just nine species (Fig. 4b; DeVault et al. 2011). In the
intact southeastern US study site the vertebrate scavenger guild exhibited greater
evenness (although raccoons and opossums still removed the majority of carcasses;
DeVault et al. 2004) and a much greater scavenger guild richness (N = 17 species;
Fig. 4b). Carrion removal in the fragmented Midwestern study system was effec-
tively dominated by the highly abundant raccoon and opossum populations (DeVault
et al. 2011).
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Fig. 4 (a) Proportion of small mammal carcasses removed by vertebrates and (b) the proportion
removed specifically by raccoon (Procyon lotor) and Virginia opossum (Didelphis virginiana)
relative to other vertebrates in the fragmented Midwestern USA study site compared to that in an
intact, forested landscape in the southeastern USA. Credits: the chapter authors

Numerical and ecological dominance of mesopredators in the fragmented study
system presented a unique opportunity to test the stability of ecosystem service
provisioning under an altered scavenger fauna. To that end researchers removed the
dominant scavenger, raccoons, from 13 woodlots and retained intact communities
in 13 additional control woodlots (Olson et al. 2012), and then conducted scaveng-
ing trials using small mammals as carrion. Raccoons were allowed to recolonize
removal woodlots naturally, but recolonization was still ongoing 3 years post-
removal (Beasley et al. 2013). Given the behavioral plasticity of mesopredators
(Prugh et al. 2009) and ecosystem-level efficiency of carcass removal in general
(DeVault et al. 2003), it was hypothesized that any reduction in raccoon scavenging
resulting from the experiment would be offset by a functional response in the next-
most-dominant scavenger, the opossum. In other words, it was thought that opos-
sums would be poised to take up any additional carcasses if carcass availability
increased, and that invertebrates would claim any carcasses that the opossums did
not remove. What was found instead was rather surprising.

Neither opossums nor invertebrates increased the proportion of carcasses they
consumed in treatment (i.e., raccoon removal) woodlots relative to the proportion
they consumed in control woodlots. This stability of carrion consumption by opos-
sums and invertebrates occurred in juxtaposition to a >50% decline in raccoon scav-
enging in removal woodlots relative to control woodlots (i.e., the experimental
effect). Interestingly, the number of carcasses that remained un-consumed at the
ends of trials increased in those woodlots where raccoon scavenging was experi-
mentally reduced relative to the control woodlots. Thus, an experimental alteration
of the scavenging fauna resulted in a slight decrease in the efficiency with which
carrion removal occurred on the landscape (Olson et al. 2012). The fact that the
delivery of an important ecosystem service, carcass removal, could be altered by
such a perturbation in a generalist-heavy ecosystem was not expected.
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Given the importance of raccoons and opossums to the study system, and the
large effect that fragmentation has on ecosystems (Fahrig 2003), additional work in
the system focused on understanding how local scavenger guilds responded to rac-
coon and opossum carcasses in the context of landscape connectivity. Researchers
deployed raccoon, opossum, and domestic rabbit carcasses into woodlots with high,
intermediate, and low levels of habitat connectivity on the landscape (Olson et al.
2016). In this way the researchers could determine if carcass type or habitat con-
nectivity was more influential in affecting facets of scavenging and carcass removal.
In keeping with the efficiency of the scavenging guild in this Midwestern US study
area, the vast majority (87%) of carcasses were scavenged at least in part by verte-
brate scavengers. Invertebrates monopolized some (10%) carcasses during warmer
weather and a small portion (3%) of carcasses went untouched through the experi-
ment. Opossums occurred as scavengers most frequently in the study, making up
29% of all scavenger activity. In contrast to trials using small mammals as carrion,
obligate scavenging turkey vultures accounted for the next-highest level of scaven-
ger activity (17%) whereas raccoons accounted for 14% of scavenger activity.
Vertebrates scavenging at frequencies >5% also included the red-tailed hawk (13%;
Buteo jamaicensis), American crow (10%; Corvus brachyrhynchos), and coyote
(5%), with overall guild richness of 15 species. The larger carcasses (2-6 kg) were
not dominated by mesopredator scavenging to the extent that smaller carcasses (12—
24 g) were in the same system.

Local scavenger guild richness was in line with that reported in other studies,
between 2 and 3 scavengers on average, but was 24% lower for opossum carcasses
than for raccoon carcasses with rabbits exhibiting no difference from other carcass
types. At the same time, local scavenger guild richness was similar across categories
of habitat connectivity. Similarly, beta diversity of local scavenger guilds was more
affected by carcass type than habitat connectivity. Focusing on the process of car-
rion removal, the researchers found that each additional vertebrate scavenger that
occurred at a carcass increased the proportion of the carcass that was consumed by
6% on average. From these findings, the researchers concluded that differences in
carrion utilization exist among carcass types, these differences were not necessarily
related to initial carcass mass, and that the reliability of carcass removal as an eco-
system service depends on the existence of a robust vertebrate and invertebrate
community.

Biatowieza Primeval Forest, Poland: Influence of Carrion
Attributes on Scavenger Community Composition
and Ecosystem Function

The Biatowieza Primeval Forest (ca 1450 km?, Polish-Belarussian border) is one
of the best preserved European lowland temperate forests of its size (Fig. 3b).
The forest, which is fairly flat (135-202 m a.s.l.) and sparsely populated, includes
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several distinct types: deciduous, mixed, coniferous and boggy associations. The
most characteristic forest association is oak-lime-hornbeam (Quercus robur,
Tilia cordata, Carpinus betulus). The climate is mostly continental, with cold
(1 November—31 March) and warm seasons (1 April-31 October, Jedrzejewska
and Jedrzejewski 1998). The forest is inhabited by a rich animal community.
Ungulates are represented by five species: European bison Bison bonasus, moose
Alces alces, red deer Cervus elaphus, roe deer Capreolus capreolus, and wild
boar Sus scrofa, as well as forty species of raptors and carnivores, including
wolves and Eurasian lynx Lynx lynx.

Scavenging is a crucial ecological process in Bialowieza, as shown by studies
conducted since the 1990s in the Polish part of the forest (Jedrzejewska and
Jedrzejewski 1998; Selva 2004a). Ungulates constitute the bulk of the carrion sup-
ply; about 7-9% of the standing crop of ungulate biomass is removed by scavengers
each year. Ungulate carrion is supplied as wolf and lynx Kkills, leftovers from hunt-
ing, and natural deaths caused by disease or malnutrition. This high “diversity” of
ungulate carcasses includes different spatio-temporal availability and features (e.g.
size, visibility, openness) of carrion resources. Whereas predator-kills are supplied
more or less constantly at unpredictable locations, hunter-kills are more localized
and natural deaths mostly appear as a pulse at the end of the winter. Carcasses also
vary in how accessible and easy to find and consume they are. For instance, European
bison dying from natural conditions can be available for several months in winter as
they are often concealed, weigh a few hundred kg, and are hard to open and find
(Selva et al. 2005). Small roe deer, perfectly camouflaged and guarded by lynx, also
are not easily accessible to many scavengers. However, red deer killed by wolves
are often partly consumed, covered in blood, and easy to find, take away, and con-
sume, typically disappear quickly (Selva 2004a, b).

This “diversity” of carrion resources has facilitated different mechanisms of
coexistence among the numerous species of scavengers and promoted a structured
(nested) use of carrion resources (Selva 2004a, Selva and Fortuna 2007). Thirty-six
species of birds and mammals were reported using carrion in Biatowieza (Selva
2004a). Predator-kills were preferred by most scavengers, but predation risk, namely
intraguild predation, clearly influenced the carcass choice by some species. Ravens,
foxes, and pine martens selected wolf kills when scavenging, but less frequently
used the guarded prey of lynx; lynx have often been reported to kill foxes and mar-
tens (Jedrzejewska and Jedrzejewski 1998; Palomares and Caro 1999). Raptors gen-
erally preferred to scavenge in open areas, and were frequent at hunters’ kills.
Ravens and foxes, present in 89 and 86% of the wolf-kills respectively, were docu-
mented to follow wolves on the ground and in the air to feed on their prey remains
(Jedrzejewska and Jedrzejewski 1998). Dead ungulates were the least attractive to
scavengers and show the lowest species richness. This may be related not only to
difficulties in finding and opening carcasses, but also to the risk of disease and para-
site transmission and the unpredictability of this carrion resource (Selva 2004a).

Apart from scavengers’ preferences in relation to various types of carrion
resources, other mechanisms of segregation structure the scavenging guild in
Bialowieza Forest (Selva 2004a). In particular, a clear temporal segregation among
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avian and mammalian scavengers, mostly active during the day and night respec-
tively, exists. Scavengers also follow a sequence of arrival at carcasses, with ravens
and foxes arriving first in most cases. Habitat heterogeneity also appears to pro-
mote scavenger coexistence (Selva 2004a). Pine martens and jays avoided car-
casses in open areas, whereas raptors preferred them. All scavengers avoided
carcasses located near villages. Weather conditions, namely temperature and snow
cover, played a key role in mediating carcass use (Selva et al. 2005). In general,
more species scavenged at lower temperatures and in deeper snow, reflecting the
higher energetic requirements and lower availability of other food resources, like
rodents, in winter. For instance, at cold temperatures and deep snow, pine marten
reduce their activity and increases food intake, typically by staying close to and
feeding on ungulate carcasses (Zalewski et al. 1995; Zalewski 2000) Therefore,
carcass use by scavenger species varied seasonally with summer carcasses mostly
consumed by invertebrates and decomposers. Among vertebrates, only the raccoon
dog Nyctereutes procyonoides scavenged more frequently in summer than winter
(Selva 2004a).

Ungulate carrion served as a crucial food resource for the vertebrate community
in winter (Jedrzejewska and Jedrzejewski 1998; Selva 2004a). The decline of food
resources and increased persistence of carrion during winter resulted in increased
use of ungulate carcasses at the end of the cold season by medium-sized and small
predators. For example, the proportion of rodents in pine marten diet decreased
through the winter, while the consumption of ungulate carcasses increased, reach-
ing a maximum in February (Jedrzejewski et al. 1993). The scavenger assemblage
also was more nested in the cold season, with a more structured pattern of use
observed at carcasses that were constantly supplied, either by large predators or by
hunters (Selva and Fortuna 2007). Competition, particularly intraspecific, at ungu-
late carcasses was strong. Simultaneous feeding by different species at carcasses
was uncommon and the monopoly of the carcass by a single species was prevalent
(Selva 2004a). In general, dominant species arrived later than scavengers with a
lower hierarchical rank. Facilitative interactions were also documented, particularly
at intact ungulate carcasses. Wolves extensively used bison carcasses and were the
only species able to open them and provide further access to other species.
Scavenging by wolves at bison carcasses always triggered scavenging by meso-
predators (Selva et al. 2003).

Ungulate carcasses also had relevant effects on other components of the ecosys-
tem, such as soil, vegetation, and alternative prey species (Melis et al. 2007; Cortés-
Avizanda et al. 2009). Most carcass-derived nutrients are recycled via scavenging
and therefore transferred by vertebrates to distant areas. Higher nutrient concentra-
tions were found in the areas surrounding bison carcasses (up to 4 m), an effect
which lasted up to 7 years after the death of the animal (Melis et al. 2007). However,
the impact was not as dramatic as in other more homogeneous systems, such as
tundra or prairie ecosystems, possibly due to the high scavenging activity and forest
complexity of Biatowieza Primeval Forest. Large carcasses also affected apparently
distant trophic levels, such as herbivores, via facultative scavengers (Cortés-
Avizanda et al. 2009) as these scavengers, which are also predators, aggregated at
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carcasses. For example, the probability of predator-prey encounters was signifi-
cantly higher within the vicinity of carcasses (1-km radius). This was accompanied
by a reduced presence of hares Lepus europaeus and other alternative prey, such as
red squirrels Sciurus vulgaris, close to carcasses, probably as a consequence of
direct killing and/or predator avoidance (Cortés-Avizanda et al. 2009).

Yellowstone National Park: Effect of Large Predators
on Scavenger Communities Through Provisioning of Carrion

Yellowstone is well-known as the first National Park in North America. The land-
scape is dominated by large open valleys and shrub steppes, and coniferous forests
at north slopes and higher elevations, which range from 1500 to 3400 m (Houston
1982). In winter, ungulates concentrate in large aggregations along the Yellowstone
River drainage. Eight species of ungulates (elk Cervus canadensis, mule deer
Odocoileus hemionus, white-tailed deer, moose, American bison Bison bison, big-
horn sheep Ovis canadensis, pronghorn antelope Antilocapra americana, and the
mountain goat Oreamnos americanus) coexist with five species of large carnivores
(coyote, wolf, cougar Puma concolor, grizzly bear, and black bear U. americanus).
Long cold snowy winters and short cool summers characterize the climate. Mean
monthly temperatures range from —12 to +13 °C (Cook 1993). The Yellowstone
ecosystem is one of the best studied ecosystems in the world and the reintroduction
of wolves in 1995 has been a milestone in wildlife conservation and a natural exper-
iment to investigate the role of large predators as carrion suppliers, and the induced
trophic cascades and changes in scavenger communities.

An important change for scavengers brought by wolf restoration has been the
alteration of the quantity and timing of carrion availability (Fig. 5; Wilmers et al.
2003a). Before wolf reintroduction, the mortality of elk, the most abundant ungu-
late, depended on the snow depth and, thus, carrion was plentiful during severe
winters, but scarce during mild winters (Houston 1978). Now, wolves are the main
cause of elk mortality in Yellowstone, and have changed the timing of ungulate car-
rion from a sudden pulse at the end of winter to a more constant resource throughout
the year. Although they may lower the total amount of carrion available, wolves
have reduced the temporal variation in the quantity of carrion and extended the
period over which carrion is available (Wilmers et al. 2003a, Wilmers and Getz
2004). Moreover, wolf presence may buffer changes in carrion availability due to
climate warming (Wilmers and Getz 2005). By mitigating the reduction in late-
winter carrion due to shorter and milder winters, wolves support the adaptation of
scavengers to climate change (Wilmers and Getz 2005).

Wolf-provided carrion may promote biodiversity and larger populations of scav-
enger species (Wilmers et al. 2003a). When compared to hunter kills, highly aggre-
gated in time and space, wolf kills showed higher species diversity (Wilmers et al.
2003b). Bald eagles, golden eagles Aquila chrysaetos, ravens, magpies Pica pica
and coyotes were common at wolf kills in Yellowstone whereas coyotes, and mam-
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Fig. 5 Statistical model illustrating the extent to which the presence of wolves in Yellowstone
National Park (https://goo.gl/maps/TuwcwDINd1P2) stabilize carrion availability and thus miti-
gate effects of climate change. “Reduction in winter carrion available to scavengers due to climate
change 1950-2000: statistical model” is reproduced in its entirety from Wilmers and Getz (2005),
and is licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/legalcode)

mals in general, were absent at remains of hunter-kills in the surrounding landscape.
Competitively dominant species, like coyotes, dominated scavenging at the more
dispersed wolf kills whereas wide-ranging consumers, such as bald eagles and
ravens, dominated consumption at highly aggregated hunter kills. However, the
total number of individual scavengers at hunter kills exceeded those at wolf kills,
likely due to social and information transfer mechanisms that eagles and ravens
have developed to better track aggregated resources (Wilmers et al. 2003b). Indeed,
ravens have quickly associated with wolves in order to scavenge first on the remains
of their kills (Stahler et al. 2002).

The reintroduction of wolves clearly has affected the Yellowstone food web,
and therefore, also the scavenger community (Peterson et al. 2014; Dobson 2014).
For example, ungulate carrion is a key food for grizzly bears when they emerge
from hibernation (Green et al. 1997) and opportunities to scavenge carcasses by
grizzly bears have increased since the reestablishment of wolves (Wilmers et al.
2003a, b). Wolf-bear interactions, mostly at wolf kill sites, also are now more fre-
quent, with a clear dominance by bears (Smith et al. 2003). Wolf-killed carrion
also represents increased opportunities for intraguild predation. Although wolves
clearly provide food for coyotes, ungulate carrion sites are risky and 7% of wolf-
coyote interactions ended in coyote death (Merkle et al. 2009). Wolf aggression
towards coyotes resulted in a strong decline in coyote densities and pack size in the
years following wolf reintroduction (Smith et al. 2003). However, coyotes adapted
to the new competitor at carcasses by modifying their behavior and maintaining
spatial and temporal separation (Arjo and Pletscher 1999; Switalski 2003; Atwood
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and Gese 2008). In some ungulate species, a decrease in mortality from coyote
predation has been reported in Yellowstone subsequent to the reintroduction of
wolves (Berger et al. 2008).

Large predator kills and winter kills that are only partly consumed by scavengers
are later exploited by insect larvae, which in turn, attract insectivorous birds
(Houston 1978). Arthropods are also a main component of carrion food webs. The
presence of ungulate carcasses in Yellowstone increases the local richness,
abundance and occurrence of beetles (Sikes 1994). A total of 445 species of beetles
were recorded at carcasses in Yellowstone, of which 57 were strongly associated to
carrion. The family Silphidae ranked first in abundance, due to the species
Thanatophilus lapponicus, followed by the family Staphylinidae, the richest in
number of species, and the family Carabidae (Sikes 1994).

Impact of Human Activities on Carcass Availability

In addition to carrion provisioned through “natural” animal deaths (e.g., predator
kills, starvation, exposure, diseases), modern humans have affected scavenging
dynamics profoundly in both terrestrial and aquatic ecosystems by increasing the
number, distribution, and temporal availability of carcasses to scavengers (see chap-
ter “Human-Mediated Carrion: Effects on Ecological Processes™). In terrestrial eco-
systems, human activities (e.g., collisions with vehicles, power lines and other
structures, hunting) are responsible for billions of animal deaths worldwide, and
most of these animals are left available for scavengers (Mateo-Tomads et al. 2015). In
a review of cause-specific mortality of North American medium- and large-sized
mammals, Collins and Kays (2011) found hunting accounted for about 35% of all
mortality. Because hunters often leave inedible or undesirable portions of carcasses
in the field, a substantial amount of carrion biomass can result from hunting mam-
mals and birds that support a diverse assemblage of scavengers (Mateo-Tomas et al.
2015). Similarly, collisions with vehicles are responsible for an extensive number of
vertebrate deaths in developed nations (Forman et al. 2003), with approximately 9%
of all medium-and large-sized mammals in North America and 89—340 million birds
killed annually by vehicle collisions (Collins and Kays 2011; Loss et al. 2014a).
Other major human-related causes of vertebrate mortality in terrestrial ecosystems
are less obvious than hunting and road mortality, but still significant. Conover et al.
(2013) estimated thousands of ungulates die annually in the U.S. from colliding with
or being entangled by fences. Nearly seven million birds in the U.S. and Canada also
are killed each year by colliding with communication towers (Longcore et al. 2012),
and 135-175 million by colliding with power lines (Conover et al. 2013). Further, in
the U.S., 1.3—4.0 billion birds are killed each year by domestic cats (many of which
are not eaten; Loss et al. 2013a), 365-988 million by collisions with buildings (Loss
et al. 2014b), and 140,000-328,000 by wind turbines (Loss et al. 2013b).

Humans also have increased the amount of available carrion biomass in oceans
and other aquatic ecosystems (Britton and Morton 1994). For example, many tons
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of fisheries discards (“by-catch”) are returned to the water by commercial fishing
boats each year globally. The ratio of discarded to harvested fish or other sea life can
be as high as 10:1 (Hill and Wassenberg 1990) and most of the animal biomass
returned to the water as by-catch is killed or severely injured during fishing opera-
tions (Broadhurst et al. 2006). Carrion from fisheries discards can subsidize marine
food webs and well-adapted scavengers may increase in number due to the input of
large quantities of fisheries discards (Ramsay et al. 1997; Catchpole et al. 2006).
However, such carrion subsidies redistribute large quantities of biomass from the
ocean floor and water column to the surface, likely altering ecosystem processes
linked to nutrient cycling in marine ecosystems. Recreational fishing also can intro-
duce carrion into aquatic ecosystems as mortality of released fish can be consider-
able (Bartholomew and Bohnsack 2005).

The causes of human-related vertebrate mortality summarized here are not
exhaustive; other human activities (e.g., unintentional release of environmental tox-
ins, intentional poisoning) commonly result in vertebrate mortality, and many of
these animal carcasses become available to scavengers and decomposers. However,
although it is clear human-derived carrion can have profound impacts on animal
communities (e.g., Oro et al. 2013) the assimilation of animal carcasses produced as
a result of human activities into ecosystems remains poorly characterized. (see
chapter “Human-Mediated Carrion: Effects on Ecological Processes” for more
information on effects of human-mediated carrion).

Conclusions and Future Perspectives

Despite a surge in scavenging research over the last few decades, scavenging
dynamics and the ecological role of carrion in structuring individual to ecosystem
level processes remains an understudied area of ecological research. At the most
basic level there remains a paucity of data on scavenging dynamics in many com-
mon ecosystem types across the globe, especially island, arctic, tropical, and fresh-
water aquatic habitats, although many of these landscapes are becoming active areas
of research (e.g., Abernethy et al. 2016). There also is a need for more integrative
and manipulative research within well studied systems to better elucidate the effects
of global change on scavenging dynamics, and the subsequent consequences to
nutrient cycling and food web dynamics.

Disruptions to ecological communities due to climate change, overfishing, habi-
tat fragmentation, etc. can alter competitive interactions among microbes, inverte-
brates, and vertebrates. The consequences of these shifts on scavenging dynamics
are largely unknown, but likely profound. Similarly, there is a growing awareness of
the potential role of carrion subsidies in the transport of nutrients among ecosys-
tems (e.g., transport of biomass among aquatic ecosystems through disposal of fish-
eries discards, movement of nutrients sequestered within salmon between freshwater,
pelagic, and terrestrial ecosystems), yet the impact of these subsidies on both the
ecosystems from which they were removed and those in which they are input have
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not been adequately explored. There also has been extensive discussion of the role
scavengers play in the control and dissemination of disease, although this remains
an area of much needed research.

It is well established that temperature can have a confounding effect on investi-
gations of carcass persistence and scavenging dynamics (DeVault et al. 2003;
Farwig et al. 2014) and as such many researchers now routinely integrate temperature
into the experimental design of many carrion fate studies. However, seemingly lost
in many investigations of vertebrate scavenging ecology is the role of other potential
factors on the composition of vertebrate scavenging communities. Recent research
suggests carcass detection rates, persistence, and composition of scavenging com-
munities can be highly influenced by the species and size of carrion (Olson et al.
2016; DeVault et al. 2017), as well as the local habitat type and accessibility of the
carcass (Mole6n et al. 2015; Turner et al. 2017). Thus, failure to integrate potential
confounding factors, in addition to temperature, into experimental designs may bias
inference of carrion and fate and scavenging dynamics.
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Introduction

Scavenging is a widespread strategy among vertebrates with an important contribu-
tion to food webs and ecosystem function (see chapter “Carrion Decomposition™).
Among the important ecosystem functions and services supported by scavengers,
the control of disease spreading from decomposing carcasses is frequently high-
lighted as a major argument for scavenger conservation. Particularly, obligate scav-
engers (vultures) seem to reduce the risk of disease in the community, including
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humans (e. g. Markandya et al. 2008). Scavenging can potentially reduce the spread
of disease among wildlife because many pathogenic organisms in carcasses cannot
survive passage through the highly acidic digestive system of vultures (Houston and
Cooper 1975). A reduction in the numbers of vultures and/or the effects of anthro-
pogenic factors can lead to increasing consumption by facultative scavengers, i.e.
those apecies not relying on scavenging to survive but utilizing carrion when it is
available (Markandya et al. 2008; Ogada et al. 2012; Mateo-Tomds et al. 2015;
Inger et al. 2016). The role these changes in scavenging dynamics have on ecologi-
cal and sanitary issues is a matter of debate. Moreover, important knowledge gaps
exist relative to the role of different scavenging species in disease dynamics at car-
casses, especially under the current scenario of increasing anthropization of natural
ecosystems.

In this chapter, we address aspects of the transmission of diseases by or facili-
tated by scavenging, and under which conditions, reviewing and synthesizing past
research. We define future research needs in this field aimed to address knowledge
gaps on the issue. We must keep in mind that in many ecosystems, diseases provide
important mechanisms to regulate animal populations, and that death from disease
produces from occasional short-term to large long-term pulses of carrion into eco-
systems (see chapter “Carrion Availability in Space and Time” and this chapter).
Scavenged material can potentially favor transmission and spread of infectious dis-
eases or contaminants to wild animals, the environment and the human-related com-
partment; or contrary, scavenging can limit pathogen spread. Finally, we address
human-related factors that influence pathogen spread by scavenging and its
management.

It is still necessary to improve the basic knowledge of the epidemiology of wild-
life diseases in order to understand the role of scavenging in disease dynamics.
Studying wildlife disease is challenging, particularly the study of aspects regarding
pathogen transmission and the mechanisms of perpetuation in the host community
and the environment. There are many concurrent factors of very different nature,
especially when diseases are shared among different hosts, some of which can act
as facilitators or vectors of pathogen spread. Also, the role varying environments
play poses unique challenges. For instance, ferrets (Mustela furo) and wild boar
(Sus scrofa) are considered to act as a host complex (via reciprocal scavenging) rela-
tive to the transmission of tuberculosis (TB) in New Zealand, and the combined
effects of these species on pathogen transmission are proposed to be density depen-
dent (Barron et al. 2015). We must also consider host-pathogen adaptations and life
history strategies. Different mechanisms, modes of transmission and strategies for
pathogens to persist are possible, and they can operate differently according to local
circumstances. A given pathogen, host and scavenging community assemblage,
under different conditions, may present variable contributions to pathogen spread
by scavenging, from promotion to prevention. Most pathogens that are transmitted
through predation or scavenging do not have to leave the body of the host for trans-
mission to occur, but are passively ingested, such as mycobacteria species causing
tuberculosis. Some other pathogens may leave the carcass and persist in the envi-
ronment, or are spread by vectors, which may be facilitated by previous carcass
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opening by scavengers; which includes pathogens highly resistant in the environ-
ment, such as anthrax — an acute fatal multi-species disease caused by the bacterium
Bacillus anthracis. In the last instance, understanding all the epidemiological and
ecological processes is key to managing disease and scavenging in the wild for a
given purpose; for instance, reducing pathogen spread in human intervened systems
where the number of vultures has been reduced, and preventing endangered faculta-
tive scavengers from becoming infected via scavenging.

We identify some important aspects that are central in current and future research
regarding the role of scavenging in disease dynamics. (1) The use of animal remains
by scavengers and their exposure to disease. Little is still known about this issue, in
spite of it being a first step required to understand the exposure of scavenger com-
munities to disease, and to subsequently guide specific research on the potential role
of scavenging in pathogen spread. This aspect is also key to identify different epide-
miological contexts and patterns of consumption. (2) The relevance of scavenging
for pathogens to spread and persist. Scavenging is likely limiting pathogen spread
in many systems. Scavengers have also been implicated as potential vectors for a
number of diseases, and facilitators of disease spread once they open the carcass,
contaminating the vicinity and enabling the action of vectors. (3) Human-related
factors resulting in increased risk of pathogen transmission through scavenging.
Disease emergence and re-emergence in the wild, impacting natural populations,
tends to occur more in ecosystems altered by human activities, affecting host-
pathogen-environment relationships. This phenomena may lead to increased
amounts of contaminated material, leaving extremely resistant agents in the envi-
ronment and may also affect scavenger community-carrion dynamics and contact
rates among susceptible scavenger hosts and infected material. (4) Management of
scavenging to reduce disease risks. Preventing the entrance and/or controlling levels
of disease in environments is the first approach. Once disease is present, re-directing
scavenging activity and restoring scavenger communities might provide useful
strategies to reduce disease risks.

The Use of Animal Remains and the Exposure of Scavengers
to Disease

Exposure to disease mediated by scavenging results as a consequence of both a
given pattern of carrion use by scavengers and the presence of a disease in the sys-
tem. While consumption poses the highest risk, the use of carrion in relation to
pathogen exposure does not necessarily involve scavenging, but other risky behav-
iors such as exploring the environment (direct exposure to pathogens in the environ-
ment or vectors) or consuming invertebrates. For instance, wild boar explore in the
soil next to and under the carcasses of conspecifics, sniffing and poking the carcass
(Probst et al. 2016). Regarding carrion use by scavengers, several studies have been
conducted using a variety of carrion (e.g. from entire carcasses to gut piles) to moni-
tor scavenger activity (e. g. DeVault et al. 2003; Wilmers et al. 2003a, b, Roen and
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Yahner 2005; Selva et al. 2005; Mateo-Tomas et al. 2017; Carrasco-Garcia et al.
2018). These studies determine rates of activity and consumption by scavengers,
and the decomposition of animal remains in specific situations. Every study
addresses a particular situation, representing different scavenger assemblages,
localizations and types of carrion material (carcasses, gut piles, abortions, etc.). A
review by Mateo-Tomads et al. (2015) concerning ungulate carrion availability on a
global scale (and references therein) found that although scavenger communities
consuming remains of hunter-killed animals vary among regions, a common pattern
emerges in which birds and mammals dominate consumption. They found scaveng-
ing birds to consume twice as much as mammals, but that more mammal than bird
species took part in scavenging (Mateo-Tomds et al. 2015). Facultative scavengers
(i.e. mainly generalists and apex predators) dominate consumption everywhere,
especially where the presence of obligate scavengers (vultures) and apex predators
(e.g. wolves Canis lupus, hyenas, and eagles) is low. Suids (i.e. wild boar) are also
frequent scavengers where present. Often species of other taxonomic groups, such
as reptiles and invertebrates, function as scavengers (see chapters “Invertebrate
Scavenging Communities” and “Vertebrate Scavenging Communities”). For exam-
ple, blowflies have been suspected to play an important role in anthrax transmission
(Bellan et al. 2013). Determining the relative contribution of specialized as com-
pared to facultative scavengers would provide relevant insights into their risk of
exposure to disease and the relevance of scavenging in disease dynamics. Vultures
consume carcasses quickly, and their absence is usually associated with signifi-
cantly slower decomposition rates (Mateo-Tomas et al. 2017), leading to higher
abundances of facultative scavengers that spend a longer time in close to carcasses
(Ogada et al. 2012). These studies also differentiate between which species or indi-
viduals are true scavengers and which act merely as visitors, or exceptionally, as
scavengers due to very particular rare behavior displayed by particular individuals.
For instance, it has even been reported that some deer species may consume animal
tissues, including flesh, digestive content and bone of dead animals (e.g., Cook et al.
2004; Vicente et al. 2011).

Researchers must also pay attention to the specific tissues that scavengers con-
sume, relating this potentially infection risk. For instance, large carrion birds do not
usually consume bovine central nervous tissue, but do consume their intestines and,
occasionally, ovine central nervous system tissue (or at least the spinal medulla),
which may determine their exposition to prions (European Commission 2002).
Also, selective particularities for different scavengers can be determined. For
instance, there is anecdotal evidence that feral pigs may avoid feeding on ferret
carcasses, whereas they readily consume brushtail possum (7richosurus vulpecula)
carcasses in New Zealand (Byrom 2004). Determining the temporal patterns of
scavengers consuming carcasses, as well as the degree of persistence of carcasses
and/or remains is very informative because it may facilitate the understanding of
disease dynamics for animals and vectors that visit carcasses and/or consume car-
rion. The persistence of carcasses and/or remains also determine the relative contri-
bution of microbial and invertebrates in the removal of dead material from the
environment. Studying the biotic and abiotic factors that affect rates of carcass con-
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sumption and decomposition in the environment is essential to explain variations in
the relative contribution of scavengers under different scenarios (Jennelle et al.
2009; Vicente et al. 2011; Turner et al. 2017) and subsequent exposure to disease.
For instance, the role of facultative scavengers, wild boar and red fox (Vulpes
vulpes), greatly varies between habitats (open vs vegetation covered) and scaveng-
ing community (presence of vultures vs absence; Vicente et al. 2011).

The typical procedure to perform these studies consists in randomly placing
carcasses and/or remains throughout the landscape, or performing the study in
situ where remains are produced (naturally through, for example, predation, dis-
ease, accident, or hunting). The activity of scavengers in recent research is usually
monitored by using remotely activated cameras, and then it is quantified (e.g.
Mateo-Tomads et al. 2015, 2017). The use of infrared lights minimizes disturbance
to scavengers, particularly mammals, which can be affected by direct observa-
tions. It is recommended to check in situ the status of the carrion to describe the
amount of material that is left, the parts that have been removed, and any activity
that is difficult to record with cameras (e.g. invertebrate activity). This has to be
carried out such that normal activity of scavengers is not disrupted. The use of
cameras can reveal the representative scavenger communities (and visitors) of
carrion (carcasses or gut piles). Nonetheless, photographic evidence that some
scavengers consume some specific carcass materials is difficult to assess since
different species may overlap in a period of time, and pictures or videos do not
always clarify this. At this stage, scavenging can only be related with increased
exposure to infectious materials, but this does not necessarily involve transmis-
sion of pathogens.

As aforementioned, it is necessary to combine descriptive data on scavenging
activity with the collection, analysis and interpretation of wildlife and/or livestock
disease data. Most of the available information of disease in many animal communi-
ties is based on punctual “surveys” of disease, which are not specifically designed
to analyze health risks. Therefore, this information is not sufficient. By contrast,
disease “surveillance” and “monitoring” programs usually refer to ongoing pro-
cesses and provide opportunities to analyze risk related to scavenging activity.
These programs first provide information on the causes of wildlife loss other than
predation, such as starvation, disease, trauma (e.g. collisions with vehicles, fences),
injuries sustained while fighting, other wounds, and pesticide exposure, among oth-
ers. Surveillance is specifically designed to analyze and manage any associated
health risks (Artois et al. 2009), and data are used to identify the areas to be targeted
for control, and to anticipate management interventions to reduce disease risks. The
actions taken can be passive (or reactive, obtaining information on the disease agent
in sick or dead animals) or active (actively searching for the disease in animals
through sampling). Further, it is important to detect spatial and temporal trends as
well as the presence/absence of the disease. Monitoring addresses the estimation of
epidemiological parameters related to a defined disease, such as prevalence (infected
relative to population), incidence (new infected relative to susceptible population)
and the basic reproductive number R, (the number of secondary cases which a first
infection case would produce in a population free of pathogens; it explains whether
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a disease will die out or whether it may become epidemic if Ry > 1). Monitoring is
always based on an active approach (searching for diseased animals, sampling and
testing). Data and samples gathered can then be used for detecting emerging dis-
eases, spatiotemporal variation in patterns of disease spread and persistence, and
finally, for assessing what the relationships with variations in scavenging activity
maybe (i.e. the factors determining risks of pathogen transmission by scavenging).
A nice example is brucellosis (Brucella abortus) in the Greater Yellowstone Area in
western Wyoming, USA, where it is endemic in elk (Cervus elaphus nelsoni) using
winter feed grounds. This is so, presumably, because of increased animal density,
duration of attendance, and subsequent contact with aborted fetuses. Maichak et al.
(2009), rather than only measuring levels of disease in the population, or just
describing scavenging on aborted fetuses, addressed both aspects complementary.

Sentinel surveillance can be used for the detection of pathogens, especially those
that are newly because sentinel species or individuals are often more at risk of infec-
tion than other animals (e.g. reservoir of disease or obligate scavengers). A sentinel
wildlife species acquires infection primarily or exclusively from a sympatric wild-
life maintenance host, or from the environment where the infected host was located
(Anderson et al. 2015). A sentinel species normally is not itself a major part of the
pathogen but is predominantly a spillover host, it is easily infected and remains alive
in an infected state for months or years, and thus available for detection. Sentinel
species may also have much larger ranging areas than maintenance hosts. The use
of wildlife sentinels may be a particularly valuable approach to surveillance for
emerging zoonotic infections, many of which have their origins in wild hosts.
Certain taxa may be relatively more efficient at concentrating some pathogens, for
instance predators at the top of food chains or scavengers that may be exposed to
infectious carcasses (Smith 1994; Leighton et al. 1995). For example, coyotes
(Canis latrans), wild boar and ferrets carrying Mycobacterium bovis that causes
tuberculosis in wildlife may be used as sentinels during disease surveillance
(VerCauteren et al. 2008; Byrom et al. 2015).

The Relevance of Scavenging for Pathogens to Spread
and Persist

Although for many pathogens horizontal transmission via scavenging (or facilitated
by) of contaminated material is possible, the consequences for disease dynamics are
unknown in most cases. Studying wildlife diseases is challenging, and it is espe-
cially difficult to disentangle the relative contribution of scavenging-related factors
to the spread and maintenance of diseases in ecosystems. Experiments may help to
assess the possibility of cross-species pathogen transmission by scavenging, and
empirical observations in the field can support those assessments on the potential
risk for transmission. Nonetheless, the relevance of scavenging for pathogens to
persist must be specifically assessed for each system and epidemiological context.
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Scavenging is probably limiting disease spread in most cases, even when scav-
engers become infected. The concept of disease reservoir is relevant to understand
disease maintenance and management in relation to scavenging. Briefly, an infected
animal population can be classed as either a maintenance or spillover host, depend-
ing on the dynamics of the infection. In a maintenance (true reservoir) host, infec-
tion can persist by intraspecies transmission alone, and may also be the source of
infection for other species. In a spillover host, infection will not persist indefinitely
unless there is re-infection from another species or the environment. For instance,
surveys of carnivores and omnivores from Michigan have confirmed M. bovis (one
of the causative agents of animal TB) infection in coyotes, bobcats (Felis rufus),
red foxes, black bears (Ursus americanus), opossums (Didelphis virginiana), rac-
coon (Procyon lotor) and domestic cats (Felis silvestris catus; Bruning-Fann et al.
2001). Molecular techniques have evidenced that deer and other wildlife are
infected with a common strain of M. bovis, and the species above-mentioned likely
become infected through scavenging of deer or domestic cow carcasses. However,
infection with limited lesion development in the scavenger species suggests they
are spillover hosts and not important in the maintenance of the epizootic in deer or
transmission to other susceptible hosts. A similar situation regards the red fox in
Europe (Delahay et al. 2006; Millan et al. 2008). TB cases in red fox only suggest
opportunities for infection with the MTC when it is present in the natural environ-
ment, but this species is considered a spillover host. TB may affect species of inter-
est for conservation, such as the endangered Iberian lynx (Lynx pardinus) that
inhabits the Iberian Peninsula of Spain, although its epidemiological role for TB
maintenance in the host community is insignificant (Briones et al. 2000; Pérez
et al. 2001). The consumption of infected ungulate carrion in the Iberian Peninsula
may contribute to the spread and persistence of TB in wildlife with regard to
omnivorous species like wild boar, rather than avian scavengers (e.g. Gyps vul-
tures; see below) that effectively remove infectious sources (Vicente et al. 2011).
Regarding Brucella in elk, Maichak et al. (2009) monitored pseudo-aborted elk
fetuses, placentas, and fluids in winter. Since many scavengers in the study area
were migratory, canids and sedentary facultative scavenger birds accounted for
most of the scavenging. Among mammals, coyotes, wolves and, presumably, red
fox can be infected with brucellosis likely from ingestion of contaminated tissues
or fluids, although they are spillover hosts. Interestingly, they found that scaven-
gers reduced the proportion of elk exposed to aborted material, illustrating that
scavengers native to the area likely function as biological control agents of disease.
Cannibalism after Aujeszky’s disease outbreaks (a viral disease of swine and wild
boar that can affect most mammals except humans and primates) in wild boar has
been related to pathogen transmission (Gortazar et al. 2002), although the rele-
vance of scavenging is punctual and short-term. Anecdotally, scavenging Aujeszky’s
virus infected material is a risk for carnivores, such as the Florida panther (Felis
concolor corii), the European brown bear (Ursus arctos; Glass et al. 1994; Zanin
et al. 1997) and the endangered Iberian lynx (Masot et al. 2016), although without
relevance for disease maintenance.
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The number of contacts among conspecific mammals at a carcass can also
potentially facilitate pathogen transmission. Ogada et al. (2012) determined a
nearly threefold increase in the mean number of contacts among mammalian
scavengers at carcasses without vultures, highlighting the role of vultures in car-
cass decomposition and level of contact among mammalian scavengers.
Nonetheless, while aggregation and intraspecific contact at carcasses is frequently
reported as a likely source of horizontal pathogen transmission for several scaven-
gers (e.g. carnivores; Markandya et al. 2008; Ogada et al. 2012; Newsome et al.
2014), the role of most scavengers in the transmission dynamics of pathogens
from carcasses remains widely unknown and even misunderstood. A special
example is the potential risk of anthrax spread associated with scavenging activity
(Bellan et al. 2013). Anthrax epidemiology is driven by environmental conditions
and its preferred hosts vary amongst habitats and ecosystems. After an animal dies
from anthrax, when the carcass is opened by scavengers sporulation of bacteria
takes place. Spores can be disseminated indirectly by: blowflies, which contami-
nate browse in the vicinity; vultures and mammalian scavengers, which contami-
nate water supplies (by bathing and defecating in it or the soil nearby); water
run-off contaminating the grazing in the vicinity; and directly by scavengers eat-
ing from the carcass or chewing on old bones (herbivores with osteophagia;
Hutson et al. 2013). Though scavenger species are relatively resistant to this
pathogen, the spores are very resistant in the environment. Sporulation of bacteria
occurs primarily after scavengers have opened an infected fresh carcass and the
tissues have been exposed to the air, and the number of spores produced is there-
fore dependent on an early opening of an anthrax-infected carcass. Vultures may
disseminate the infection, yet they may curtail its spread by locating carcasses
shortly after death and minimizing contamination by rapidly consuming smaller
and thin-skinned carcasses before most of the vegetative forms have had time to
sporulate (Bellan et al. 2013).

Experimental research has determined susceptibility of scavenger species to
particular infections and the likelihood of pathogen passage through the gastroin-
testinal tract. The digestive system of obligate scavengers such as vultures present
conditions of extreme acidity, around pH 1-1.2 in the stomach (Houston and
Cooper 1975; Farner 1967). These conditions in the digestive tract of carrion birds
probably provide helpful factors both to digest carrion and as a form of protection
against biological agents. Nonetheless, their effect on prions has not been fully
confirmed, since prion proteins are more sensitive to alkalinity than to acidity.
Transmissible spongiform encephalopathies (TSEs) are a group of diseases caused
by prions that affect the brain and nervous system of humans and animals. These
include bovine spongiform encephalopathy (BSE), Scrapie and chronic wasting
disease (CWD). CWD is a geographically expanding prion TSE of North American
cervids (Nichols et al. 2015) first described in the United States in 1967. Prions can
remain viable in the environment for many years (Seidel et al. 2007). During
decomposition, ungulate carcasses release nutrients into surrounding soils, stimu-
late subsequent plant biomass production that attracts herbivores, and serve as a
potential source of infectious material (Towne 2000; Miller et al. 2004). Avian and
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mammalian scavengers that consume infected materials could spread prions
through deposition of feces in the environment (Houston and Cooper 1975) or by
transport of infectious carrion during food-catching or young-provisioning. For
instance, American crows (Corvus brachyrhynchos) have the potential to translo-
cate infectious CWD prions in their feces to disease-free areas, which suggests that
avian scavengers may play a role in the transmission and translocation of prion
diseases (VerCauteren et al. 2012). It has been reported that the ability of CWD-
infected brain material to pass through the gastrointestinal tract of coyotes follow-
ing oral ingestion, and be infectious, demonstrating that mammalian scavengers
could contribute to the translocation and contamination of CWD in the environ-
ment (Nichols et al. 2015). Currently, there is very low incidence of BSE in Europe;
for instance, only 5 cases were diagnosed in cattle during 2016 (out of 1,352,585
animals tested) in the EU (8EFSA 2017). Only one of these cases was classified as
classical BSE. However, five cases of CWD were reported in Norway: three in wild
reindeer (Rangifer tarandus) and two in moose (Alces alces). This situation, in
addition to the fact that no role for BSE spread by obligate scavengers has been
demonstrated in Europe, led to modifying EU legislation that allowed for the con-
servation of scavenging birds to allow them to assist with carcass removal
(Margalida et al. 2012, Margalida and Colomer 2012).

The modelling of disease dynamics can be useful to study the contribution of
scavenging to disease spread and/or persistence, although it is difficult to parame-
terize scavenging rates between hosts. It has rarely been estimated between-host
transmission parameter from scavenging estimates for a particular disease, particu-
larly in the case of TB (Barron et al. 2015). The rates reported were likely not very
accurate (as it assumed all scavenging of an infected carcass resulted in disease
transmission and assumed that carcasses are contacted or scavenged within the
period that M. bovis bacteria remain viable). Nonetheless, in multi-host systems,
these rates provide comparable data among species that can be useful to model dis-
ease and the contribution of scavenging. Barron et al. (2015) concluded that TB
could persist in the wild boar/ferret complex in the absence of possum hosts since
scavenging would provide a source of spillback infection for possums once their
numbers recovered even many years after control. Nonetheless, transmission rate
estimation is complex and model outputs are sensitive to variations of several
parameters, generating uncertainties. Estimation of these transmission parameters is
required to enable managers to assess if multi-host disease dynamics are important
for their disease control programs.

Figure 1 illustrates the risk of infectious disease spread, or contrary, disease con-
trol, through scavenging on mammals. This is a simplified scenario and the diversity
of pathogens, epidemiological contexts, routes of transmission and scavenging
assemblages make every case singular. Since the range of hosts a pathogen infects
(host specificity) depends on shared phylogenetic history (Clark and Clegg 2017),
pathogen circulation through scavenging is more probable from mammal to mam-
mal. For instance, when ungulate carcasses are available, facultative ungulate
scavengers, such as wild boar, are more susceptible to pathogens present in the
scavenged material (especially when cannibalism occurs) than are birds.
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Pathogen circulates among host
population or community

Infected hosts dies
because of infectious
disease, predation (by
susceptible, S, or
resistant to infection,
R, predators) or
hunting

Infected host becomes
carcass. Scavenging by
obligate (mainly vultures)
or facultative scavengers
(mainly birds and
mammals) lead to reduced
or increased risks for
pathogen transmission,

respectively

Pathogen circulates
among host and/or
multi-host systems

Pathogen removed
from the system

Fig. 1 Simplified scenario on the risk of infectious disease spread, or contrary, disease spread
prevention through scavenging on mammal carrion. Credit: the chapter authors

Human Related Factors Resulting in Increased Risk
for Disease Transmission Through Scavenging

Human activities may lead to increasing amounts of contaminated carrion, leaving
extremely resistant agents in the environment. This, together with human impacts
on scavenger communities (e.g. threats on top predators like vultures or other scav-
engers with key roles in ecosystems; Mateo-Tomds et al. 2017; or big game
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overabundance consequences, and particularly, facultative scavengers, such as wild
boar; Gortazar et al. 2006) may increase contact rates among susceptible scavenger
hosts and infected material. These situations are likely particular cases of disease
emergence and re-emergence tending to occur more in ecosystems altered by
humans (e.g. Daszak et al. 2000). Alterations to host-parasite relationships result in
changes in host survival and contact rates among susceptible and infected individu-
als (Pedersen et al. 2007). This issue could acquire special relevance in the light of
global environmental changes that can alter the patterns and prevalence of disease
(Wilson and Wolkovich 2011).

Species considered big game vary with geographical areas and generally includes
medium to large size ungulates and predators. Such a diverse group of species plays
essential roles in the ecological dynamics of natural or semi-natural systems (e.g.
Apollonio et al. 2010). Harvests that collect only part of animals, such as big game
hunting, leave the remaining biomass for scavengers (Mateo-Tomads et al. 2015).
For instance, there are some 20 species of big game within Europe (Cervidae,
Bovidae, Ovidae and Suidae) adding up to 15 million animals and representing a
standing biomass of more than 0.75 billion kg (Apollonio et al. 2010). In practice,
there may be slight differences in the final presentation of the dressed carcass due to
local cultural practices, type of trophy and final carcass use. In such ways, human
activities could directly increase carrion supply and hence the prevalence of scav-
enging. Big game management by humans may contribute to the establishment and
subsequent maintenance of pathogens that affects scavengers (especially faculta-
tive), the rest of the animal community and the environment (Vicente et al. 2011).
High rates of pathogen circulation driven by human management are often associ-
ated to overabundance of big game; and in these cases, some infected species often
play a role as facultative scavenger (e. g. wild boar, Gortazar et al. 2006). In addi-
tion, the way big game waste is disposed of may allow for facultative disease-
susceptible scavengers to access infected material (Moreno-Opo et al. 2012;
Cano-Terriza et al. 2018). For instance, in Europe, as in many other parts of the
world, the changes occurring across the last 40 years have had a pronounced effect
on the environment, creating a dynamic situation where pathogens or new hosts
emerge o re-emerge. In particular, there have been important changes in big game
population densities and/or host behavior (management favoring aggregation,
Acevedo et al. 2007), which affect disease prevalence and, in some cases, may allow
disease agents to boost their virulence and widen their host range (Ferroglio et al.
2011). In south and central Spain, big game is frequently managed in order to pro-
mote high densities on hunting estates, and also reach considerably high densities in
protected areas (Acevedo et al. 2007). This risk is increased by the sanitary conse-
quences of ungulate overabundance caused by intensive management, which favor
the transmission of disease and its persistence in ungulates (e.g. by increasing
aggregation, and therefore contacts, at feeding and water points, Gortazar et al.
2006; Acevedo et al. 2007). These systems often generate a huge amount of hunting
remains highly aggregated in both space (the remains are often disposed of at the
same dumps) and time (e.g. big game hunting occurs mostly in autumn and winter;
Vicente et al. 2011). TB averages 45% (locally, even higher, Gortazar et al. 2008) of



172 J. Vicente and K. VerCauteren

prevalence based on macroscopic lesions in wild boar in south and central Spain
(Martin-Hernando et al. 2007). The importance of the intraspecific transmission of
TB may be especially relevant in certain areas because of the absence of vultures,
and the fact that wild boar, the main carrier of the disease in Spain (Naranjo et al.
2008), is the principal consumer of ungulate carrion provided by hunting. The con-
sumption of infected ungulate carrion and waste may subsequently contribute to the
spread and persistence of TB in wildlife with regard to carnivorous and omnivorous
species rather than avian scavengers, which effectively remove infectious sources
(see above and Fig. 1 in chapter “Ecological Functions of Vertebrate Scavenging”).
In this context, controversy has arisen concerning vulture conservation, since
European sanitary policies (e.g. Decision 2000/418/EC) encouraged the destruction
of domestic animal carcasses (although EU Regulation 142/2011 allows now some
exceptions; see this chapter), rather than being left in the open (Dondzar et al. 2009a,
b), and this scenario could also apply to the management of big game carcasses and
hunting remains (Margalida and Moledn 2016).

Also, collateral effects of human activities may occur on diseases that are not
(mainly) transmitted by scavenging. These cases usually relate to human interven-
tion altering the host community, for instance, reducing the number of specialist
scavengers, or favoring the abundance of generalist scavengers that participate in
the spread and/or perpetuation of diseases, not necessarily transmitted by scaveng-
ing. Small predators, which are well-known disease reservoirs (e.g. rats Rattus
spp., feral dogs Canis familiaris) appear to increase in abundance when vultures
are absent in India (Pain et al. 2003). Diclofenac (a non-steroidal anti-inflamma-
tory drug) residues in the tissues of treated dead cattle have been found to be highly
toxic to vultures, resulting in up to 99% mortality in some species in India (also in
Pakistan and Nepal, Markandya et al. 2008). The decline in vultures has favored an
increase in packs of rabies-carrying feral dogs scavenging cattle remains. As a
consequence, the number of cases of rabies in people due to dog bites has since
increased (Oaks et al. 2004; Sharp 2006; Markandya et al. 2008). Similarly, spot-
ted hyenas (Crocuta crocuta) and jackals (Canis aureus, C. mesomelas and C.
adustus) host a number of pathogens that infect a wide range of other wild and
domestic species (Alexander et al. 1994; Harrison et al. 2004). Two major diseases
that affect African carnivores, rabies and canine distemper, spread through direct
contact between infected and susceptible individuals, and carnivores often interact
closely at carcasses (Mills 1993; Roelke-Parker et al. 1996; Butler et al. 2004;
Ogada et al. 2012). Also, numbers of free-ranging dogs have reached unprece-
dented numbers in many areas of Africa. Dogs outcompete vultures on wildlife
reserve boundaries owing to their high densities, nocturnal and diurnal activity,
physical dominance and greater tolerance to human disturbance (Butler and du Toit
2002). The cascade effects, and its potential effects for disease spread as vultures
decline, are complex. For example, changes in abundance of other avian scaven-
gers (tawny eagles Aquila rapax) were most pronounced in the absence of vultures
(Ogada et al. 2012).

Finally, in natural systems scavengers are part of a food chain that may be initi-
ated by the action of predation. Changes in predation rates or predator-prey
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dynamics are among the factors that may affect patterns of disease emergence,
reemergence, and persistence (Choo et al. 2003; Packer et al. 2003; Holt and Roy
2007). Ecosystems altered by removal of natural predators by humans may
respond differently to endemic or novel pathogens than intact systems (Heesterbeek
and Roberts 1995; Gross and Miller 2001; Packer et al. 2003). A mathematical
model evaluated how dynamics of prion disease in deer populations may respond
to nonrandom removal resulting from selective predation by wolves compared
with effects of random removal through harvest or culling under different sce-
narios. The conclusion was that as CWD distribution and wolf range overlap in
the future, wolf predation may suppress disease emergence or limit prevalence
(Wild et al. 2011).

Management of Scavenging to Reduce Disease Risks

Preventing the entrance and/or controlling levels of disease in a system are the first
strategy. Attempts to control disease in wildlife populations have been based on a
variety of methods. These include setting up barriers, improving hygienic measures,
culling, habitat management and feeding bans, vector control, treatments, and vac-
cination (Wobeser 2002; Artois et al. 2009; Karesh et al. 2005; Gortazar et al. 2006).
Leaving entrails or carcasses in sifu is an option when game animals are hunted in
their natural habitat. Also, when livestock are not suspected of being infected with
diseases transmissible to humans or other animals or affected with any potential
hazard and good hunting practices are observed. This is recommended to protect
natural ecological processes. In the case of big game remains should follow a veteri-
narian inspection (at least of the offal), if there is evidence that relevant pathogens
circulate in the region. In this case, it becomes essential disease surveillance and
monitoring of big game diseases (see above), and in general of wildlife in the area.

Once disease is present, re-directing scavenging activity and restoring predator
and scavenger communities might provide useful strategies to reduce disease risks,
realizing that eradication of disease may be impossible in the presence of wildlife
disease reservoirs. For example, the observation of scavenging in TB multi-host
systems from New Zealand may provide a mechanism for the potential control
strategy of the disease in different contexts (Barron et al. 2015). Ferrets and pigs
were predicted to act as a host complex via reciprocal scavenging, and it was sug-
gested that moderately intensive control of either species was able to reduce their
combined abundance below the threshold for disease persistence. Nonetheless, in
most cases the selection and implementation of appropriate management is com-
plex. Following, we provide examples and list different management approaches of
scavenging that could help to reduce disease risks, although without exception,
these types of approaches warrant further evaluation. In addition to surveillance of
scavenging activity (e.g. using camera traps), monitoring disease in the community
and how it responds to changes in scavenging activity and management becomes
important, but to date has been rarely addressed.
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Restoration of Large Predators

Wolves, for example, may be able to recover functional predator-prey-scavenger
food webs (Beschta and Ripple 2009). The restoration of natural predator-prey
dynamics in ecosystems previously altered by removal of natural predators may
contribute to counteract disease emergence (Heesterbeek and Roberts 1995; Gross
and Miller 2001; Choo et al. 2003; Packer et al. 2003; Holt and Roy 2007; Wild
et al. 2011). This provides an opportunity to observe and evaluate the effects that
predation (selective or not) may have on the prevalence of diseases. For instance,
wolves may be a promising approach for control of CWD and therefore risks associ-
ated to scavenging (Wild et al. 2011).

Elimination of Hunting of Scavengers

This has been suggested to maintain coyote populations on or adjacent to elk feed
grounds in the Greater Yellowstone Area (GYA), because it may increase scaveng-
ing rates and subsequently decreases investigation rates (contact with infected mate-
rial) by elk and thus risk for Brucella infection from abortions associated with elk
feeding grounds (Cook et al. 2004; Maichak et al. 2009). Elk fetuses (elk abortions
may transmit brucellosis) were placed in the GYA to determine which predators
visited and how long the carrion lasted on the landscape. Inside Yellowstone, where
scavengers such as coyotes are not hunted, the fetuses disappeared more quickly
(most before 20 days, Cook et al. 2004). Scavengers have not been implicated in
transmission of brucellosis from wildlife to livestock. Thus, the authors suspect that
scavengers reduce brucellosis transmission by limiting the time an infectious fetus
remains in the environment.

Destruction of Big Game and Domestic Animal Carcasses

We previously exemplified that, in most cases, no research has concluded what the
relevance of different species of scavengers, carrion and the environment are to
maintain and transmit pathogens. Nonetheless, drastic measures are often preven-
tively taken to prevent an alleged disease spread. For instance, the destruction of big
game and domestic animal carcasses has been encouraged by some European poli-
cies, rather than allowing carcasses or offal from being left in the open (Donazar
et al. 2009a, b). This still arises controversy concerning vulture conservation (see
above). As suggested for CWD in high-risk regions from North America (Jennelle
et al. 2009), recent laws on TB endemic areas in south and central Spain have con-
sidered the removal of hunted animals (including offal) to limit potential TB deposi-
tion near a kill site that mammals, and particularly wild boar, can access. It is
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therefore desirable that management and legislation be applied in a way that would
allow for the selective access of vultures to the abandoned carcasses and offal piles
that appear during hunting seasons. Although sanitary authorities should consider
the removal of infected hunted animals and viscera to limit potential pathogen con-
tamination where facultative scavengers can access, the conservation of obligate
scavengers and other birds requires of selective disposal that guarantees their food
supply. Burial or burning carcasses (the last is considered often the optimal carcass
decontamination measure) is not always logistically feasible. Other options include
spraying carcasses with considerable quantities of 5 to 10% formalin or covering
them with locally available obstructive materials (e.g., bushes, branches) to deter
some scavengers, such as birds, but probably not mammals. In parts of Africa with
fuel shortages and poor infrastructures, anthrax contaminated carcasses have been
covered in thorn scrub and left. In Canada, the helicopter dump 400 gallons of 5%
formaldehyde over carcasses very effectively discouraged all scavenging until the
burning team could reach the site; which presumably limited the ground contamina-
tion (Hugh-Jones and de Vos 2002). Neither of these methods will deter hyenas,
which were seen to overturn a drum with 10% formaldehyde and eat formalin-
saturated animal organs. In most cases, it is unlikely that all carcasses can be located
(e. g. natural deaths, injured animals during hunting activities), even following
intensive searches, therefore measures can only be taken on what can be found. The
effectiveness of removing carcasses is not always clear, as when employed during
botulism outbreaks in wild birds do not appear to have reduced avian mortality
(Wobeser 2007). Nonetheless, in this particular example pathogen transmission is
not mediated by carcass consumption, and probably the rapid effect of scavengers
would limit environmental contamination. One final remark, which is discussed
elsewhere in this chapter, is that the root cause often is related to big game over-
abundance contexts (Gortazar et al. 2006) favoring both high prevalence of patho-
gens in the population (as a density dependent mechanism) and elevated production
of carrion.

Restoration of the Effects of Overabundance

We above highlighted the relationship between overabundance and disease, and
therefore control of the situation will lead to limiting the associated risks. The
assessment of overabundance and the available management tools have been dis-
cussed recently (Gortazar et al. 2006). A multidisciplinary approach is needed to
diagnose if a given wildlife population is overabundant, which includes signs such
as adverse effects on the soil, vegetation or fauna, poor body condition scores, low
reproductive performance or increased parasite burdens and infectious disease prev-
alence. A close monitoring of wildlife densities and diseases, the establishment of
reference values for all signs of overabundance, and the mapping of the disease and
density hotspots will be needed to design adequate management for each particular
situation.
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Excluding Mammalian and Avian Scavengers from Natural
Carrions

We found just one study that experimentally evaluated the effect of excluding mam-
malian and avian scavengers from natural carrion on the risk for disease persistence
and transmission, particularly anthrax (Bellan et al. 2013). When the only alterna-
tive is to leave the carcass unmoved and to protect it adequately from scavengers
and humans, stopping scavengers can significantly reduce spore production, but this
can be difficult. Nonetheless, Bellan et al. (2013) found no significant effect of
scavengers on soil spore density in Etosha National Park (ENP), Namibia. They
concluded that scavenging by vertebrates is not a critical factor in the life cycle of
Bacillus anthracis and that anthrax control measures relying on deterrence or exclu-
sion of vertebrate scavengers to prevent sporulation are unlikely to be effective.
Consumption of carcass material early after host death may reduce the quantity of
vegetative cells available to sporulate.

Excluding Mammalian and Avian Scavengers from Vulture
Restaurants

Vulture restaurants, where access to facultative mammalian scavengers is impeded,
can be used as a conservation tool for threatened vultures, as these places can be
supplied with a source of supplementary carrion free from risky pathogens, toxi-
cants and veterinary drugs. Nonetheless, not all are advantages, and there may be
several negative impacts of supplementary feeding sites on ecosystem and scav-
enging community dynamics from an ecological and conservation perspective
(Donadzar et al. 2009a, b; Moreno-Opo et al. 2015). The provision of carrion at
specific locations close to breeding sites, in accordance with requirements of sani-
tary regulations for the management of animal by-products not intended for
human consumption has partly mitigated the negative effects of widespread and
compulsory removal of livestock carcasses from the wild. Because of the apparent
contradictions between the application of sanitary and conservation strategies,
managers and policy makers must solve a problem of availability of food for one
of the most threatened wildlife groups (vultures), at the same time that make it
compatible with food security policies. Wild ungulate waste may mitigate these
effects. For instance, a sufficient amount of carrion from big game is already gen-
erated in large areas (in Mediterranean areas from Spain may reach about 40% of
obligate scavenger diet, and nearly 100% during hunting season, Margalida et al.
2012; see also Mateo-Tomas and Olea 2010 in northern areas of the Iberian pen-
insula), and the question is how ensuring the supply of big game waste manage-
ment with not sanitary risks for other groups of animals and humans. Nonetheless,
when not protected against mammals, there is evidence that vulture restaurants
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increase the local abundance of mammalian carnivores in South Africa (i.e. brown
hyaena Hyaena brunnea and black-backed jackal; Yarnell et al. 2015), which
require that the wider impacts of providing supplementary carrion for conserving
threatened species are fully investigated. In fact, vultures may serve as sanitary
filters because they clean up the environment by eating carrion. One possible solu-
tion is the use of mammal-proof enclosures or other effective barriers (high game
fences), having a minimum area for allowing large birds landing and taking off. It
has been demonstrated that some models of electrified fences were effective for
preventing facultative mammal scavengers from gaining access into an enclosure
for a period of time sufficient for avian scavengers to access and remove poten-
tially infectious hunting remains (Moreno-Opo et al. 2012). Nonetheless, it is
difficult to ensure that rodents and other mammals that easily burrow or climb
cannot gain access to infected carcasses. We note that restricting carrion access to
birds also may affect the species that benefit from carrion (e.g. endangered species
such as the brown bear and wolf in Spain); which often exert a natural effect of
controlling diseases. In addition there may occur other collateral effects, such as
an increase of attacks by predators on cattle or hunting when carrion is not avail-
able anymore. A condition previous to the exclusion of mammalian and avian
scavengers from natural carrions in vulture restaurants should be a rigorous
assessment of how they depend on carrion and what their ecosystem role is (e. g.
for large predators, usually very threatened). Understanding the functionality of
the assemblage of scavenging species is essential, as they “work together”, bene-
fitting from each other; for instance, wolves opening the carcass may make innards
more available to crows.

A recent observational study in south-central Spain (Cano-Terriza et al. 2018)
evaluated the management of big game remains aimed at reducing the access of
facultative scavengers, using wild boar-proof vulture restaurants or eliminating the
carrion (burial or removal by waste management firms authorized by the adminis-
tration). In the study region, among other factors, intensive management of wild
ungulates for hunting has led to an increase in their populations, implying a higher
generation of hunting waste, which in turn can favor the transmission of infectious
diseases, including TB. The above-mentioned study assessed the usefulness of dis-
posal/elimination of hunting remains as a TB control measure in wild boar, compar-
ing two adjacent regions where the management of these remains according to
legislation varied. The Mycobacterium tuberculosis complex (MTC) seroprevalence
detected in wild boar was significantly higher before the disposal of big game hunt-
ing by-products compared to the second period where control measures were
applied (after this control measure a 25% reduction was achieved). By contrast, no
significant differences in seroprevalence against MTC between periods were found
in wild boar from the adjacent control area where carrion management was not
implemented. This study suggests that the management of hunting waste in specific
sites may yield some outcome of limit TB prevalence in wild boar. However, further
studies are needed to assess the effect of scavenging management on the health
status of wildlife species.
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Conclusions and Future Perspectives

There is an increasing concern on the exposure of scavenger communities to disease,
their effects on scavengers, and the epidemiological role that scavenging plays in
disease dynamics. This chapter evidences that, with some rare exceptions, research
up to date does not reliably conclude what the role of different species of scavengers
in the maintenance and transmission of diseases and/or the role of carrion are.
Disease transmission associated to scavenging is extremely difficult to study in the
field because these phenomena are not straightforward to observe and parameterize.
Inferences about the pathogen maintenance by scavengers, carrion and the environ-
ment have been made mainly using sources of evidence that may be considered cir-
cumstantial. To now, it is only by the accumulation of additional pieces of correlational
evidence that the acceptation of such inferences has been generally adopted. There
are some examples where scavengers, including specialist and facultative, have been
regarded as potential vectors for a number of diseases, in which they ingest or are
exposed to infected material and later shed the disease agent in new areas. Scavenging
of infectious remains poses a confounding duality between the removal of infectious
materials by consumption and potential dispersion of infectious material in the envi-
ronment. We illustrate in this chapter that we can benefit enormously in learning
from previous experiences. Current evidences support the need for further research
regarding scavenger ecology within the context of wildlife and human health, and
also for wildlife management and conservation. First, research must determine the
possible cascade of pathogens through food webs. Research should also assess which
disposal regime is most beneficial to obligate scavengers, thus guaranteeing their
food supply, while reducing the exposure of susceptible animals to potentially infec-
tious material. Experimental research should determine susceptibility of scavenger
species to infections and the likelihood pathogen passage through the gastrointestinal
tract. Management of diseases and subsequent reduction in the generation of hazard-
ous carcasses and remains usually require changes in human activities and close
collaborations among wildlife ecologists, veterinarians and public health profession-
als. We should work towards a more informed management of scavenging. In accor-
dance, the regulations concerning carrion provisioning need to be flexible, reconciling
sanitary and environmental objectives.
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Introduction

Carrion occurrence in the wild is determined by factors originally related to natural
processes of death, depredation and availability of different organic unexcreted
remains as a result of births, plumage molting or detachment of other tissues. Within
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this dynamic of appearance determined solely by ecological pressures, carrion con-
stitutes a pulsed, ephemeral and random resource (DeVault et al. 2003; Selva and
Fortuna 2007). It emerges in an unpredictable way in time and space, based on epi-
demiological (prevalence of wildlife diseases), population (according to the relative
abundance of animals), ecological (predator-prey relationships) and meteorological
factors (Wilson and Wolkovich 2011; Oro et al. 2013; chapter “Carrion Availability
in Space and Time””). Humans have altered this scenario throughout the Anthropocene,
understood as the period within the Quaternary during which anthropic activities
began to impact the environment significantly and transform the global functioning
of ecosystems (Darimont et al. 2015; Sarrazin and Lecomte 2016). Therefore, human
activities regarding the dynamics of carrion occurrence should be considered from a
changing perspective in time, with three differentiated periods: (1) when humans
exhibited scavenging behavior and, later, hunting activity to obtain foods of animal
origin, (2) the onset and development of agriculture and livestock (approximately
8000 years ago), and (3) from the beginning of the Industrial Revolution (S. XVIII).
These phases were not equally developed globally, and were more advanced over
time in the most industrialized countries, especially on the European continent.

During the first phase, humans were not only facilitators and modulators of car-
rion availability in ecosystems, but were also carrion consumers (Dominguez-
Rodrigo 2001; Moleén et al. 2014). As animals were a limited resource and their
acquisition through hunting was energetically costly, all organic remains obtained
from prey were exploited (Dominguez-Rodrigo and Pickering 2003), and thus
anthropogenic carrion was very scarce in the wild. With the onset of animal hus-
bandry, humans began to raise a greater amount of biomass of animal origin, for
food, pets and as working animals for agriculture. In this period, different factors
increased the availability of carrion subsidized by humans. Namely, some body
parts of animals intended for consumption were now discarded due to their low
nutritional, commercial and cultural value. These remains (for instance, bones, vis-
cera or heads) were disposed of in the surroundings of slaughterhouses and butcher-
ies. On the other hand, carcasses of draft animals or pets were often moved to dumps
close to urban centers, to limit their presence in villages due to potential health risks
and smells provoked by the process of rotting. Thus, in most regions and continents,
an anthropogenic carcass management system was created in which different scav-
enger animals, both domestic and wild, took advantage of this resource in the vicin-
ity of urban environments. This type of carrion provisioning in fixed locations
around villages or towns constituted a traditional and sustainable system of elimina-
tion of organic remains not usable by humans, which supplements the feeding of
different raptors and corvids (see review in Dondzar et al. 2009). This system also
enhanced mutualism between humans and vultures, favored by the commensalism
of the latter of the resources provided by the former and the disposal of biomass not
intended for human consumption (Moleén et al. 2014). This general pattern varies
geographically depending on cultures and religions, as well as on the perception of
human societies about the role of wild scavengers (Mundy et al. 1992; Dondzar
1993; Allen 2016; Stara et al. 2016; Morales-Reyes et al. 2018).

With the Industrial Revolution, there was an increase in the consumption of food
of animal origin, associated with the continued growth of human populations and an
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increased capacity for transport of people and other items in motorize vehicles (Lucas
2003). Domestic livestock grew in number to meet the demand of the growing popula-
tion, and thus intensive farms were established and large areas of land were exploited
for livestock grazing. The increase in cattle substantially improved carrion availability
due to the wasting of many parts of the carcasses for commercial reasons, such that a
greater amount of food being transferred to wild scavengers. However, this pattern
was not homogeneous geographically: while in some areas carrion availability for
avian scavengers was supported (for instance, around the Mediterranean basin and on
the Asian continent), in other regions different byproducts from the carcasses were
used for other purposes (cosmetics, domestic animal feeding, fats, etc.) and the rest of
the unusable remains were destroyed to avoid potential health risks (Dondzar et al.
1997; Margalida et al. 2010; Jayathilakan et al. 2012). Throughout the twentieth cen-
tury, a trend towards the industrialization of carrion management occurred. As a result,
the establishment of sites for disposing of carcasses and other remains from farms
(“vulture restaurants”) and the increase in the extensive cattle herds generated greater
carrion availability, which favored the feeding of avian scavengers (Dondzar et al.
1997) and, in part, the recovery of large carnivores (Chapron et al. 2014). However,
wild ungulate populations decreased globally in the twentieth century due to hunting
and poaching, reducing their availability for scavengers (Bldzquez and Sanchez-
Zapata 2009; Mateo-Tomds and Olea 2010; Margalida et al. 2011a, b; Ripple et al.
2015). This substitution of carrion sources in the natural environment influenced the
population dynamics of scavengers and, consequently, their conservation status
(Lambertucci et al. 2009b; Margalida and Colomer 2012), based on the feeding
behavior and the prey selection of each species (Moreno-Opo et al. 2015a, 2016). This
pattern has mainly been observed in Europe and North America. In Africa, Asia and
South America, vulture restaurants for economic or commercial reasons have been
less common, and are authorized only for specific conservation actions (Mundy et al.
1992). On the other hand, other practices have managed to generate a greater amount
of anthropogenic organic waste over the twentieth century, such as fishing and its
discards worldwide (Votier et al. 2004; Heath et al. 2014) or sport hunting in regions
such as Europe, North America, and southern and eastern Africa (Mateo-Tomads et al.
2015). All of these circumstances have led to a paradigm shift in the availability and
management of human-mediated carrion: from scarce amounts around urban environ-
ments to a complex system of food subsidies for wildlife (Oro et al. 2013). This trans-
formation has brought about changes in the dynamics of resource use by fauna, and
both positive and negative effects, which are dealt with in this chapter.

Types of Human-Mediated Carrion

Commercial activity has increased in the last few decades, resulting in a supply of
key food subsidies within the trophic webs of ecosystems. Carrion, along with the
remains of agricultural crops, is the main nutrient provided by anthropic activities
like food production, recreation, sanitation and environmental management (Oro
et al. 2013). The different carrion types provided by humans are described below.



186 R. Moreno-Opo and A. Margalida
Livestock

Livestock husbandry is an activity occurring throughout the world whose manage-
ment typology determines the supply of carrion to the natural environment. The
abundance of existing livestock also influences carrion provisions and is generally
higher in temperate regions where primary productivity and other environmental
conditions (i.e. temperature, rainfall, zoonoses) are more favorable (Flanders and
Gillespie 2015).

Two main livestock management systems determine the way carrion is produced:
intensive and extensive management. Although there are intermediate systems,
intensive farming is understood as the type of management in which animals inhabit
closed enclosures, are fed with human-processed products (fodder or harvested
grass) and in which higher levels of care are provided (medication, temperature
control, etc.) to increase yield. Livestock carcasses are mainly destined for transfor-
mation plants for the industrial use of their by-products and/or for their destruction
(Herrero et al. 2013). However, depending on the livestock species, in some cases
the carcasses may be destined for fenced feeding sites for avian scavengers. This is
one of the practices that has led to an increase in vulture populations in Spain,
thanks to the abundant inputs of pork and chicken carcasses associated with the
growth of this economic activity since the end of the twentieth century (Dondzar
and Fernandez 1990; Parra and Telleria 2004). To be sustainable, this system
requires large populations of wild scavengers for the consumption of the total bio-
mass provided, and thus it is not applicable to regions without an abundant guild of
carrion-eating birds. Another model of carrion provisioning within this intensive
system is the supply of unusable remains for human consumption from slaughter-
houses and butcheries. These remains are usually destined for supplementary feed-
ing points as a part of specific conservation programs (see below) and have played
an important role in the conservation of threatened species, such as the bearded
vulture Gypaetus barbatus (Sesé et al. 2005; Oro et al. 2008).

The extensive management of livestock can be described as the use of natural pas-
tures by different livestock species throughout most of the year, such that there is a
presence of animals in open areas, concentrated in herds or scattered in the field,
which allows a higher level of interaction with wildlife (Bignal and McCracken 2000;
Blench 2000). As these livestock inhabit wild areas, are far from infrastructures and
are frequently not subject to programs of removal and destruction of carcasses, the
likelihood that carrion will be available for scavengers increases (Gavashelishvili and
McGrady 2006; Olea and Mateo-Tomas 2009; Margalida et al. 2018). Given the abun-
dance of extensive livestock, its presence in almost all regions and the difficulty of
human-mediated collection and disposal of carcasses, extensive livestock is currently
the main food resource for obligate scavengers worldwide, replacing wildlife
(Chamberlain et al. 2005; Costillo et al. 2007b; Lambertucci et al. 2009a, b).

The occurrence of livestock carrion varies depending on the region, the type of
carcass management, the legislation on by-product treatment and the local culture.
A greater or lesser supply is determined by different non-mutually exclusive factors:
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the livestock transhumant movements performed, application of sanitary policies,
implementation of conservation programs for scavenger species, degree of use of
carcasses for human activities (feeding, industrial uses), geographic accessibility to
carcasses for their removal or availability of financial resources for processing the
carcasses (Margalida et al. 2018).

The quality of the carrion, in terms of the prevalence of pathogens or substances
that can generate a negative effect in the environment, varies depending on the
applied management. In general, carrion from extensive livestock has a lower risk
of disseminating diseases to other animals and lower levels of veterinary drugs
(Casas-Diaz et al. 2016), except in cases of high prevalence of transmissible dis-
eases in the herds due to disruptions of population levels of their vectors and reser-
voirs (Gortazar et al. 2015). In this sense, the scavenger vertebrates and particularly
obligate scavengers, tolerate the intake of carcasses of animals that died from most
transmissible diseases without suffering negative effects on their own health status,
thanks to evolutionary adaptations to the ingestion of this food and certain native
pathogens (Houston and Cooper 1975; Bellan et al. 2013). On the other hand, the
remains of intensive livestock hold a greater likelihood of adverse effects for the
animals consuming them. The more intensive management of livestock, the higher
the likelihood of containing residues of different substances (Casas-Diaz et al.
2016). This poses a risk to the vital fitness of the organisms feeding on them, for
example due to antiparasitic, antibiotic or hormonal products (Margalida et al.
2014a), or may even lead to severe intoxication, as occurs with certain anti-
inflammatory drugs (Green et al. 2004; Zorrilla et al. 2015).

Hunting

Hunting has evolved with humans’ ability to use tools and technology. Originally,
it supported the subsistence of human populations, with little carrion remains left in
the environment as most parts of the animals hunted were used for food, clothing,
or a variety of structures and tools (Mithen 1999; Moleén et al. 2014). However,
it has shifted conceptually since the twentieth century in the temperate regions and,
especially, in the most industrialized countries (Darimont et al. 2017). Currently,
hunting is mainly a recreational practice, and has increased in commercial impor-
tance and unleashed new patterns of wildlife management. Thus, several game spe-
cies, as well as non-game species that interfere with hunting, have seen their
population abundances modulated. Many have been favored and their populations
have increased in the last 50—60 years, while others have been negatively affected
by conflicts with this practice (Lindsey et al. 2007).

In relation to food subsidies, hunting has served as a growing source of scaveng-
ing resources in places where this activity has increased. The manner in which it is
performed determines the availability of carrion: if the practice involves a large
number of animals simultaneously shot, carrion appearance increases and triggers
important effects on feeding patterns of wild scavengers. For example, in the
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Mediterranean region hunting events or population controls usually involve the
dropping of large numbers of ungulates (red deer Cervus elaphus, wild boar Sus
scrofa, fallow deer Dama dama, etc.) on the same day. This implies significant
amounts of carrion consumed and eliminated by vultures, constituting a prime
source of food during autumn and winter (Mateo-Tomds and Olea 2010; Mateo-
Tomds et al. 2015). In this type of hunting, the shot animals are collected and moved
to specific points where they are sanitarily inspected and where the pieces of com-
mercial interest (i.e. for human consumption) are selected. The discarded by-
products are usually transported to specific points far from populated areas and
serve as a food source for wild fauna (Vicente et al. 2011; Moreno-Opo et al. 2012).

The most common practice worldwide is the selective hunting of an individual in
a contained area by hunter. This modality is directed, in general, at a greater spec-
trum of species and produces a smaller volume of carrion in a given event. In this
case, the viscera and legs, which will not be consumed by humans, or in some cases
the whole body with the exception the trophy parts, are most often left for scaven-
gers to feed upon. At a global scale, this is the most common activity contributing
to carrion disposal in the wild, due to its wide geographical occurrence in regions
such as North America, Europe, South and East Africa and Asia, and the temporary
continuity of the activity, which allows for the appearance of carrion in small quan-
tities dispersed across a territory. This favors not only obligate but also an enriched
variety of facultative scavengers (Wilmers et al. 2003; Bldzquez et al. 2009).

Carrion from hunting activity may be hazardous to species that consume it,
including humans, if the ammunition contains toxic materials (Mateo-Tomas et al.
2016). In this sense, lead ammunition provokes negative and even lethal effects in
different bird species frequently consuming shot carcasses (Gangoso et al. 2009;
Herndndez and Margalida, Kelly et al. 2014). Despite the fact that lead intoxication
may be partially due to natural sources (i.e. soil composition) and that, in general,
the population trends of avian scavengers are not conditioned by lead poisoning,
negative effects of lead ammunition use have been shown. Moreover, there are safe
chemical alternatives that could be used to avoid risks to animal health (Thomas
2013). On the other hand, in places where the management of ungulate game popu-
lations is intensive and high population densities are reached, feeding on hunted
carrion can affect the sanitary status of scavengers due to potentially higher preva-
lences of epizootics such as bovine tuberculosis or sarcoptic mange (Vicente et al.
2011). In these cases, authorities usually propose measures to limit carrion inges-
tion by wildlife (Margalida and Mole6n 2016).

Fisheries

Marine fishing has grown exponentially over the last century, with some 81.5 mil-
lion tons of animals extracted per year around the world (FAO 2016). Technological
improvements in the fishing fleet and the increase in the human population have
generated a growing demand for marine food products, which has led to



Human-Mediated Carrion: Effects on Ecological Processes 189

overexploitation of resources and the modification of ecological relationships in the
seas (Coleman and Williams 2002). As a result, fishing exploitation produces huge
amounts of carrion returned to the sea, consisting of waste from marine animal
catches without commercial interest, non-target fishing species or individuals not
meeting the minimum size requirements (Kelleher 2005). These are the so-called
fishing discards, whose exact quantity is unknown given the absence of official
records due to their release into the sea from the vessels before disembarking.
Nevertheless, discards are estimated to reach 7.5% of all fishing catches and about
7.5 million tons annually (Davies et al. 2009; Oro et al. 2013).

Fishing discards are the main source of anthropogenic-mediated carrion in the
marine environment. They are associated with certain fishing modalities, mainly
those yielding a greater volume of catches of non-target species (bycatch), such as
bottom and pelagic trawl nets as well as drift gillnets (Kelleher 2005). Therefore,
greater carrion availability occurs in seasons and areas where these fishing gears are
used, especially where vessels with a high capture and storage capacity operate (e.g.
deep sea fishing). Discards are returned to the sea in all the fisheries of the world,
with the aim of avoiding their inclusion as catches in the controls in harbors made
by competent authorities. Disposal of discards at sea occurs after the capture is
complete, usually during the transit back to the harbors.

In places with abundant fishing discards, there are often concentrations of ani-
mals feeding on these resources. Thus, the continued exploitation of these remains
by seabirds has been demonstrated, as this is an essential part of the diet for species
such as Audouin’s gull Larus audouinii and the northern gannet Morus bassanus
(Bodey et al. 2014; Garcia-Tarrason et al. 2015). Discards are also consumed in the
pelagic and benthic environment (mainly by fishes and invertebrates), although their
ecological relevance and patterns of use are not well known (Bozzano and Sarda
2002; Heath et al. 2014).

The management of discards has changed to allow its use as a food resource for
people or for other purposes, thus avoiding commercial waste, at least within the
European countries, New Zealand and several North American regions (Condie
et al. 2014; Catchpole et al. 2017). For this reason, the obligation to transfer all the
catches made at sea to harbors, including discards, has been regulated. In this way,
they can be included within the authorized quotas and the use of more selective fish-
ing gear is subsequently promoted (Sigurdardéttir et al. 2015). This should reduce
the amount of carrion in the sea in the next few years and may trigger ecological
effects on facultative scavengers whose feeding behavior has adapted to the exploi-
tation of these resources (Heath et al. 2014; Sarda et al. 2015).

Rubbish Dumps

Rubbish dumps are more abundant, more geographically widespread and more pre-
dictable in time and space, compared to other sources of anthropogenic subsidies
(Donézar 1992; Oro et al. 2013). At landfills, carrion serves as an important portion
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of the usable resources for scavengers. These sites collect waste from houses and
small businesses that generate a continuous and large amount of animal by-products.
In fact, several scavenger populations have increased their dependence on these
resources resulting in behavioral adaptations that led to an increase in numbers and
even distribution ranges (e.g. storks, gulls, raptors, corvids, rats, etc., Newsome
et al. 2015; Plaza and Lambertucci 2017). The study of scavenging patterns and the
effects generated at the demographic, behavioral and ecosystem levels has been
very extensive (e.g. Sarrazin et al. 1994; Oro et al. 2008; Plaza and Lambertucci
2017; Tauler-Ametller et al. 2017). This has triggered the primary anthropogenic
change in the energy balance of scavenger species, due to the relatively recent
appearance and rapid increase in garbage dumps on our planet and at such a wide
scale (Hobbs et al. 2009; Plaza and Lambertucci 2017).

The way in which carrion is presented in landfills varies. There are large garbage
dumps with continuous and large inputs that receive waste from several towns and/
or large cities. There are also dumps associated with small villages that receive less
biomass. Regardless of the size, if carrion is accessible, scavengers congregate to
feed, especially facultative and opportunistic species (Oro et al. 2013). The health
risks associated with food ingestion in landfills are usually high due to the abun-
dance of pathogens, especially bacteriological, in the available by-products (e. g.
salmonella, Benskin et al. 2009). In addition, the ingestion of undigestible misiden-
tified items (plastics mainly, Peris 2003), the great competition and high predation
rates in the environment (Newsome et al. 2015; Plaza and Lambertucci 2017) and
even the mortality of individuals due to crushing from garbage transported by vehi-
cles are all risk factors associated. Nonetheless, these risks may be demographically
compensated for by the high availability of food that allows increased survival rates
and productivity (Dondzar 1992).

Supplementary Feeding Programs

Supplementary feeding is a management tool for animal populations in which
humans provide food to certain individuals and under specific conditions with the
purpose of solving a conservation problem (Fielding et al. 2014; Cortés-Avizanda
et al. 2016). In general, this method aims to reduce the risk of extinction of an
endangered population in which the lack of food or factors associated with its acqui-
sition (food quality, inter- and intraspecific competition, habitat alteration or human
disturbances) is limiting (Gonzdlez et al. 2006; Cortés-Avizanda et al. 2010;
Moreno-Opo et al. 2015a, b). In general, supplementary feeding programs are pro-
posed to increase the values of parameters such as survival, generally of pre-adult
life-cycle phases (Oro et al. 2008; Margalida 2010; Garcia-Heras et al. 2013), pro-
ductivity or breeding success (Gonzdlez et al. 2006; Margalida et al. 2017a).
Supplementary feeding programs are heterogeneous and depend on the purpose
and the target species. As they address the main limiting factors in the life-cycle of
animals, such as obtaining trophic resources, this approach must be implemented in
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a precise manner balancing its positive and negative effects (Dondzar et al. 2009;
Cortés-Avizanda et al. 2016). In the case of carrion, supplementary feeding mainly
consists of the supply of remains in locations where the target species/population is
present. Thus, feeding initiatives are developed for avian scavengers to facilitate
carrion consumption in supplementary feeding sites (“vulture restaurants”, Mundy
etal. 1992; Dondzar et al. 2009). This satisfies the demand of a high number of wild
animals, although the most competitive species and individuals are favored and bet-
ter adapted (Cortés-Avizanda et al. 2010; Moreno-Opo et al. 2015a). A variant of
this model is the provision of certain carcass parts, in specific amounts, times and
periods, and in particular habitats, which increases the probability of consumption
by targeted individuals of specialized species in poorer conservation status (Moreno-
Opo et al. 2015a, b). For the case of territorial species, such as large eagles or large
carnivores, the programs are usually intended for breeding animals and their brood
and require a greater effort of continued provision during a planned period (Gonzélez
et al. 2006). This practice usually leads to more positive results of population stabil-
ity and a greater safety for animals, as well as an increase in the values of reproduc-
tive parameters (Davis et al. 2005; Robb et al. 2008).

This anthropogenic-mediated carrion source has ecological pros and cons. It is a
very powerful conservation tool, which yields quick results at the population level,
increasing population numbers (Robb et al. 2008). In addition, it can ensure a higher
quality of the carrion supplied, concentrating the animals at safe points with respect
to other feeding areas where illegal practices such as intentional poisoning can
occur (Oro et al. 2008). It is also often used for purposes other than conservation,
such as nature tourism, wildlife photography or hunting (Dubois and Fraser 2013;
Fielding et al. 2014; Massé et al. 2014). However, in some cases, the programs are
executed without a specific design, without assessing the ecological effects and
without considering the prey selection patterns of the target species (Cortés-
Avizanda et al. 2010; Moreno-Opo et al. 2015a).

Other Types of Human-Mediated Carrion

Human activity can result in the output of carrion for wildlife in several other ways.
These other activities have little global repercussion in general although they may
have important effects on populations. Accidents with wildlife caused by human
traffic on roads or railways cause the death of hundreds of million animals annually
(Rytwinski et al. 2016), considering only vertebrates. This huge number of Kkills
generates an important biomass available as carrion (Lambertucci et al. 2009a, b).
A large portion of the carcasses killed by vehicles are removed by maintenance
services from the roads, although a portion remains available for scavenging both
on the infrastructure itself and in nearby areas (Teixeira et al. 2013; see chapter
“Carrion Availability in Space and Time”). The presence of this carrion along lin-
ear infrastructures can create an ecological trap, since the scavengers that come to
feed on roads or railways can also be hit by cars and trains. There are cases, mainly
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on railways, of accidents involving a large number of vultures feeding on the car-
casses of ungulates previously hit by the train (https://www.4vultures.
org/2017/04/09/31-vultures-dead-after-being-hit-by-a-train-in-india/).

Electrocution and collision in power lines result in the death of about 10 to 41
millions of birds in Canada (Rioux et al. 2013) and 12 to 64 millions in the USA
(Loss et al. 2014b). In addition, casualties due to electrocution generally have an
aggregated distribution depending on the technical characteristics of the pylons, the
landscape traits and the availability of food (Guil et al. 2011). These deaths also
generate carrion-like biomass exploited by facultative scavengers that prospect
along power lines, especially near those with higher mortality rates. In fact, it is
estimated that only 30-84% of the carcasses of electrocuted birds are found in stud-
ies or surveys assessing mortality rates and wild scavengers are the main cause of
their disappearance (Ponce et al. 2010; Schutgens et al. 2014). Other types of acci-
dents with human infrastructures also generate carrion, such as the collision of
migrating birds with buildings or other glazed infrastructures (Loss et al. 2014a).
This favors the feeding of both domestic animals (cats) and opportunistic wild scav-
engers (corvids, rats, etc). Finally, drownings in stagnant water (wells, reservoirs,
ponds, etc.), collisions in wind farms or the deaths of insects around artificial
sources of light provide carrion as well, although in small amounts.

Humans cause incidents with wildlife that trigger the occurrence of carrion
through activities such as shooting, trapping and poisoning. The legality or illegality
of the action determines the subsequent effects on wild scavengers. A highlighted
case is the supply of poisoned carrion for the purpose of killing vultures by ivory
traffickers in certain regions of Africa to prevent the location of poached elephants
and rhinos by the authorities, as large flocks of flying vultures around a carcass are
observable from long distances (Ogada et al. 2016a). In addition to these purposeful
incidents, other accidental ones can introduce poisoned carrion into trophic chains.
Exploitation of carcasses from cattle treated with the toxic anti-inflammatory diclof-
enac in South Asia resulted in the collapse of vulture populations there (Green et al.
2004; Oaks et al. 2004). Poisoning scavengers through the offer of carrion is an
illegal practice commonly occurring worldwide, mainly when these animals are
perceived as competitors with hunting and agriculture interests (Herndndez and
Margalida 2008, 2009b; Margalida 2012; Mateo-Tomds et al. 2012; Berny et al.
2015) (see chapter “What Makes Carrion Unsafe for Scavengers? Considerations
for Appropriate Regulatory Policies and Sound Management Practices” for more
information on contaminated carrion).

Spatiotemporal Patterns of Appearance
of Anthropogenic Carrion

Understanding how carrion of anthropic origin appears in the landscape is essential.
Both biomass abundance and, above all, the location and times at which the carrion
occurs determine the predictability of the resource (Deygout et al. 2010;
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Cortés-Avizanda et al. 2012). This concept is relevant given that most species tend
to optimize their search for food by reducing their associated energy costs, through
saving foraging time and reducing competition (Robb et al. 2008; Kane et al. 2017).
Therefore, an adaptive pressure towards predictable resources may act at individual
or population levels, which a priori generates benefits in their fitness balanced with
the difficulty of obtaining naturally limited trophic resources (Oro et al. 2013;
Cortés-Avizanda et al. 2016). In addition, regardless of the gregarious (colonial) or
territorial character, habitat quality determines food availability for scavengers so
that areas with a greater abundance of resources are considered more favorable
(Carrete and Dondzar 2005; Kendall 2013). To assess the dynamics and effects of
this resource in the ecology and behavior of wild scavengers, it is necessary to know
the spatiotemporal patterns of occurrence of the different carrion subsidies.

In relation to livestock husbandry, extensive management resembles the natural
supply conditions generated by wild ungulates. Carrion availability increases where
livestock are concentrated, corresponding to the most favorable areas of palatable
pasture (Fryxell 1991). This greater concentration of domestic animals attracts scav-
engers as the probability of finding carcasses is higher. In this sense, the geographic
component is complemented with time aspects given that the management of the
herds and their location depend on the season (Fernandez-Giménez and Fillat 2012).
Thus, there are migratory grazing practices, such as transhumance, that are common
in temperate regions in which the extensively managed livestock is moved depending
on the season (summers vs. winters), always in search of areas with an abundance of
pastures (Ruiz and Ruiz 1986; Olea and Mateo-Tomds 2009; Margalida et al. 2018).
In addition to animal abundance, the life cycle of the livestock is important. During
the birthing season the supply is greater, both from the deaths of mothers and off-
spring and from the placentas remaining in the field (Breck et al. 2011; Margalida
et al. 2014c). Meteorological factors are also influential and adverse events, such as
storms or cold or heat waves, also increase livestock mortality (Hahn 1981; Nardone
et al. 2010). Epizootics are important as well, and an increase in their prevalences in
herds increases mortality rates. In brief, the scavenger species, and especially vultures,
will frequent territories with a greater amount of livestock during periods in which the
likelihood of finding carrion is higher; that is, the time of birthing (usually spring and,
sometimes, autumn in sheep/goats) and in summer in areas of high mountain pastures
(Nardone et al. 2010). With regard to intensively managed livestock, the way they are
handled determines the predictability of carrion: in cases where the carcasses end up
as carrion for wild scavengers, these become important places of attraction, generally
of birds. Thus, farms with a large amount of livestock will produce a greater number
of carcasses, so that the associated deposit points (vulture restaurants) will host higher
numbers of scavengers on a regular basis (Cortés-Avizanda et al. 2010; Deygout et al.
2010). In these cases, food sources are predictable and the patterns of food searching
and habitat selection are altered to a greater extent, thus resulting in demographic,
behavioral and health consequences for necrophagous species (Robb et al. 2008;
Garcia-Heras et al. 2013; Oro et al. 2013).

Hunting for sporting purposes occurs in certain seasons according to existing
regulations. In most regions, it is practiced outside the breeding season of the game
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species, maintaining the resource in a sustainable manner. However, selective hunt-
ing takes place almost year-round in many regions, since it targets certain individu-
als with a special morphological value (Di Minin et al. 2016). Thus, carrion from
hunting can be available during most of the year. On the contrary, hunting in which
more than one individual is pursued is usually performed during the winter, as is the
case in Mediterranean environments (Delibes-Mateos et al. 2009). At this time, and
especially in regions with large hunting estates, carrion becomes predictable provid-
ing a percentage of the diet that can reach 30% of the total biomass ingested annu-
ally in the case of the cinereous vulture Aegypius monachus (Costillo et al. 2007b).
In fact, vultures forage nomadically around the zones where ungulate hunting is
practiced. Small game hunting yields smaller amounts of biomass in the form of
carrion per piece hunted, although its practice is much more widespread. In the
cases in which the fallen animals are eviscerated in the field, the scavengers may
take advantage of these resources, especially the facultative species (mesocarni-
vores, corvids and raptors other than vultures, Carrasco-Garcia et al. 2018).

The availability of fishing discards is linked to the regulations on exploitation
quotas and seasons established both throughout the year and according to the fish-
ing grounds. Therefore, carrion provisions at sea are subject to fishing activity
depending on the gear that generates such discards. For this reason, the areas and
seasons overlapping with fisheries using trawls for benthic species and those
intended for pelagic species with gillnets offer a greater availability of carrion
(Garthe et al. 1996; Shester and Micheli 2011). These gears also capture the highest
quantities of fish due to their massive and less selective nature, subsequently result-
ing in large amounts of discards (Kelleher 2005). In the case of deep-sea fishing, the
disposal is located far from the coast, while in inshore fishing the discard waste
coincides to a large extent with the return times and routes of the vessels to ports
(Kelleher 2005).

In relation to other anthropogenic sources of carrion, supplementary feeding pro-
grams provide this food resource based on proposed objectives of conservation,
tourism or hunting. Aiming at improving the conservation status of threatened spe-
cies, carrion is provisioned at times when there is a greater energy demand, usually
during breeding, or when a natural supply of food is scarcer (Robb et al. 2008;
Fielding et al. 2014; Cortés-Avizanda et al. 2016). There is also some predictability
with carrion occurrence from deaths caused by human infrastructures. For example,
many accidents with wildlife may occur on roads crossing habitats rich in biodiver-
sity such as wetlands, forests or wildlife corridors (Gunson et al. 2011). The rates of
vehicular impacts with wildlife increase at times of greater movement of animals,
either due to post-juvenile dispersion, mating season or migration (Neumann et al.
2012; Morelle et al. 2013). Hence, black kites Milvus migrans and red kites Milvus
milvus have been observed prospecting roads at dawn with high traffic levels, to
take advantage of the carcasses of small mammals, herpetes or macroinvertebrates
killed during the night (personal observation). A similar situation takes place at
power lines where electrocuted birds are concentrated; these are selected as forag-
ing sites by facultative scavengers, usually mammals (Ponce et al. 2010; Schutgens
et al. 2014).
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Effects on Feeding Patterns and Viability of Scavenger
Populations

Exploitation by Vertebrate Scavengers

Changes in the occurrence patterns of human-mediated carrion have triggered
effects on the feeding patterns of scavenger species, varying according to the
necrophagous character and the traits of the resources provided. In the case of obli-
gate scavengers, namely the vultures of the New and Old World (Ruxton and
Houston 2004), the species less specialized in the exploitation of certain parts of
carcasses (Moreno-Opo et al. 2015a, 2016), have been favored by the increase in
human-mediated carrion. Thus, the food sources of species that are more generalist
in their prey selection, such as vultures of the genus Gyps, are augmented. As a
result, there has been a population increase (Parra and Telleria 2004), in cases where
there were no other limiting factors, such as the availability of suitable breeding
sites or non-natural mortality (Oaks et al. 2004; Virani et al. 2011; Ogada et al.
2016Db). Species selecting carrion parts that are scarcer have not shown this positive
population response despite the net increase in food subsidies. This is the case of the
Egyptian vulture Neophron percnopterus, hooded vulture Necrosyrtes monachus
and the bearded vulture Gypaetus barbatus, which feed on small parts, offal and/or
bones (Brown and Plug 1990; Margalida et al. 2007, 2009). Consequently, the
effects of the increase of anthropogenic trophic resources have varied depending on
the prey selection patterns derived from morphological and behavioral adaptations
to the exploitation of certain parts of the carcasses, which generate niche partition-
ing (Hertel 1994; Moreno-Opo et al. 2016). However, some species of vultures
exhibit plasticity in their diet allowing the exploitation of new or more abundant
resources (Costillo et al. 2007a, b; Dondzar et al. 2010). This adaptability of the diet
is compromised by the evolutionary mechanisms of carrion exploitation, foraging
behavior and social relationships (Margalida 2008; Moreno-Opo et al. 2015a, 2016),
such that not all species have been able to adapt their feeding patterns to the
resources offered by humans. At the European level, species such as the cinereous
and the griffon vulture Gyps fulvus have shown a greater plasticity in their diet,
varying their diet composition as a result of changes in the abundances of the differ-
ent types of carrion. Other species with a greater heterogeneity in their diet, such as
the Egyptian or bearded vulture have not shown this functional response (Dondzar
et al. 2010; Cortés-Avizanda et al. 2010; Moreno-Opo et al. 2015a, b).

In the case of facultative scavengers, which take advantage of carrion in a variable
but never exclusive manner and that are generalists in their selection of existing car-
rion types, the increase in human subsidies has produced effects at the population,
behavioral and community levels (Wilson and Wolkovich 2011; Oro et al. 2013).
Given their opportunistic nature and plasticity (Hulme-Beaman et al. 2016), there has
been an increase in food availability and feeding opportunities due to the decreasing
competition for limiting resources such as live prey (DeVault et al. 2003; Wilson and
Wolkovich 2011). Therefore, a general population increase of facultative scavengers
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in areas with a greater availability of human subsidies has been observed (Oro et al.
2013). In the same way, other species like insectivorous birds and reptiles include
carrion and its associated resources (e.g., necrophagous arthropods concentrated
around carcasses) as an important source of food (Barton et al. 2013b; Moreno-Opo
and Margalida 2013). At the behavioral and community level, the wide trophic
valence of some opportunistic species has allowed greater exploitation of a predict-
able resource. This plasticity has occurred in the case of terrestrial mammals, such as
carnivores (felids, mustelids, bears and canids), ungulates (wild boar and of several
deer species) and even rodents, favored mainly by the increase in the remains of
hunted wild ungulates and domestic refuse (Gompper and Vanak 2008; Oro et al.
2013). In birds, the number of favored species is higher, especially among those
exploiting carrion in landfills, like storks, raptors such as harriers, kites, buzzards,
eagles, gulls and corvids, and in the marine environment, like seagulls and petrels
(Oro et al. 2013; Plaza and Lambertucci 2017). Knowledge about other animal
groups such as reptiles, fishes and invertebrates or species dwelling in pelagic and
benthic marine habitats, is scarcer. In summary, the increase in subsidized carrion has
led to an increase in its representation in the diet of facultative species, and behavioral
changes derived from the search for, exploitation of and competition for carrion.

Effects of Human-Subsidized Carrion on Scavenger Activity
and Behavior

The availability of natural prey has varied in different regions of the world, and thus
so has searching behavior, the size of the foraging areas and the likelihood of obtain-
ing carrion. The abundance of prey generating greater carrion biomass, such as ungu-
lates, has been altered by human activity. Thus, in vast areas of Africa, Asia and South
America a sharp decline in populations of large herbivores has occurred as a result of
direct human persecution, either by poaching for meat consumption or for illegal traf-
ficking (Brashares et al. 2004; Ripple et al. 2015). On the contrary, the large herbi-
vores in Europe and North America have experienced a recovery in recent decades,
especially due to an interest in hunting and the application of conservation programs
(Coté et al. 2004; Massei et al. 2015). As a result, the populations of vertebrate scav-
engers are encountering variations in the availability of carcasses of the large herbi-
vores they exploit and, subsequently, are adapting their foraging patterns (Carrete and
Dondzar 2005). Nevertheless, the feeding behaviour of African vultures is not medi-
ated by ungulate and antelope abundance (Kendall et al. 2014) so the impact of the
alteration of their availability is not well known (Ogada et al. 2016b).

Humans competed with wild scavengers for resources such as carrion prior to
hunting and livestock husbandry (Dominguez-Rodrigo and Pickering 2003; Mole6n
et al. 2014). This has changed and humans have shifted from consumers to suppliers
of carrion, and thus competition, and even predation, by humans has changed to a
relationship of mutualism and commensalism with wild scavengers (Gangoso et al.
2013). Some animals are increasingly frequent visitors to urban areas and other
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human infrastructures, searching for food, and resulting in a greater tolerance for
these species. This is a relatively new phenomenon in regions such as Europe, while
in Africa and Asia this behavior has been common at least since the early twentieth
century due to the presence of carrion in towns and cities (Thiollay 2006; Gangoso
et al. 2013). In the same way, animals tolerate shorter distances to people when car-
rion is provided. For example, animals will approach humans around supplementary
feeding points, during hunting activities or in the surroundings of fishing boats (Skov
and Durinck 2001; Mateo-Tomds and Olea 2010; Zuberogoitia et al. 2010). This
greater proximity to people can generate negative effects both for the conservation of
the species and for human safety. Thus, wild scavengers attracted to supplementary
feeding points can be poached or hunted more easily, as in the case of the grey wolf
Canis lupus (Mateo-Tomads et al. 2012). This could also trigger the implementation
of deterrents towards large carnivores, such as the brown bear Ursus arctos due to
their habituation to villages with food resources (Bateman and Fleming 2012).

As human-subsidized carrion is used by a great number of scavengers, depen-
dence on this resource has emerged in different animals. For certain populations,
food acquisition is linked to measures directly implemented by humans, such as
supplementary feeding programs, hunting events, inputs to landfills or the disposal
of fishing remains (Oro et al. 2013; Plaza and Lambertucci 2017). This dependence
has increased in recent decades as the abundance of carrion has grown, allowing
animals to adapt to a new exploitable resource (Lépez-Lopez et al. 2013). However,
this dependence on anthropogenic carrion makes scavengers more sensitive to sud-
den changes in availability. For example, in Europe in the early 2000s regulations
led to the control and elimination of livestock by-products due to the mad-cow dis-
ease crisis, which resulted in the closure of many traditional sites where carrion was
provisioned and the mandatory removal of carcasses of all livestock species
(Donézar et al. 2009; Margalida et al. 2010). Another example of this sudden shift
occurred in several Spanish regions, which legislated for the removal from the field
of all remains of ungulate shot during hunting activities due to alleged health risks
(Margalida and Moleén 2016). Also in Europe, human-mediated changes in the
availability of carrion include the closure of rubbish dumps or their transformation
into organic matter processing plants using incineration, in which carrion is not
accessible to animals, or the prohibition of fishing discards by European Union
fisheries policy, which aimed to eliminate this resource completely (Condie et al.
2014; Real et al. 2017). The implementation of different policies, be they sanitary,
public health, economic or environmental, produce the elimination of predictable
sources of food in a very short time and do not allow wildlife to adapt to new
resources without some detrimental consequences. For instance, changes in breed-
ing parameters have been demonstrated (Margalida et al. 2014a; Hernandez et al.
2018), as well as effects on the physical condition and survival of scavenging birds
(Margalida et al. 2014a), spatial reconfiguration of breeding and a subsequent con-
centration around spots with available carrion. The latter causes an increase in com-
petition for the resource and density-dependent fecundity regulation phenomena
(Carrete et al. 2006). Other types of prey are selected including live animals and
consequently, social effects ensue due to increased predation and agonistic interac-
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tions with livestock or wildlife (Margalida et al. 2014c; Newsome et al. 2015). The
provision of anthropogenic carrion has changed the movements performed by wild
scavengers. The decrease or increase in the availability of carcasses as well as the
occurrence of areas with an abundant presence of carrion, may change foraging pat-
terns. On the one hand, in places where resources have been reduced, scavengers
may search more extensive areas for a longer time, which could result in an altera-
tion in their fitness (Stephens et al. 2007). However, prospecting vast territories and
the collaboration between individuals in the detection of carrion are evolutionarily
acquired behaviors within the vulture guild. These animals are thus better adapted
to searching for and finding food in the case of diminishing carrion resources
(Ruxton and Houston 2004; Jackson et al. 2008). On the other hand, the appearance
of carrion in larger quantities and in predictable places is more common, and ani-
mals know a priori where they can find food more easily. This has also led to changes
in foraging patterns, reducing both the distance covered and time dedicated to
searching for food (Lépez-Lopez et al. 2013). In this sense, routine and prefixed
movements between breeding, roosting and feeding places have increased, as a con-
sequence of learning the times and locations of carrion occurrence (Oro et al. 2013;
Lépez-Lopez et al. 2014; Cortés-Avizanda et al. 2016; Margalida et al. 2016; Plaza
and Lambertucci 2017). This shortening of movements generates energy savings
and a consequent improvement in survival and reproduction prospects, although
there is a resulting concentration of birds, greater inter- and intra-specific interac-
tions and more competition (Oro et al. 2013; Newsome et al. 2015).

Soil characteristics are also altered by the continued contribution of nutrients
from carrion provided by humans (Barton et al. 2013a, b). The composition of soil
in a given territory is a consequence of its own lithological, meteorological and
geomorphological traits, as well as the cycles of organic inputs (Ganz et al. 2012).
However, a continuous supply of nutrients, especially nitrogen and carbon, modifies
the acidity of the soil, alters the productivity patterns and changes the plant species
(Strickland and Wickings 2016). In addition, it can also alter the exchange cycles of
elements with the atmosphere or groundwater (Barton et al. 2013a, b).

Areas with continuous supplies of carrion attract a large number of both obligate
and facultative scavengers. Among the latter, there are species that behave as preda-
tors, such as raptors (e.g. eagles, harriers or kites) and carnivorous mammals. As a
consequence of this attraction, the abundance of predators increases as does preda-
tion pressure on prey species (Yarnell et al. 2015). This occurs in the surroundings
of supplementary feeding points where carrion is continuously provided, and has
demographic impacts, especially in ground-nesting birds and lagomorphs (Cortés-
Avizanda et al. 2009).

Population Prospects

The food resources provided by humans have a dual effect on the demographic
dynamics. First, a greater availability of carrion has led to an increase in numbers of
wild scavengers, both obligate and facultative (Oro et al. 2013). Thus, in regions
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where subsidies increased throughout the twentieth century and where no severe
threats occurred, such as massive poisonings, contamination with veterinary drugs
or the disappearance of natural food sources (Prakash et al. 2003; Margalida et al.
2014a; Ogada et al. 20164, b), populations of scavengers grew or remained stable
(Donazar et al. 2009; Deinet et al. 2013). The increase in carcasses from cattle and
game animals in temperate zones has favored the conservation of species such as the
griffon and cinereous vultures in Europe and the black Coragyps atratus and turkey
vultures Cathartes aura in North America. This is also true of medium-sized raptors
and corvids, and canids like the red fox Vulpes vulpes, grey wolf Canis lupus, jack-
als Canis aureus and coyotes Canis latrans (Prugh et al. 2009; Ogada et al. 2012;
Chapron et al. 2014). In the case of arthropods, positive effects have also been docu-
mented in some scarce necrophagous species, with supplementary feeding points
serving as essential localities for their conservation (Martin-Vega and Baz 2011).
Storks, gulls and even raptors, such as vultures and kites, also take advantage of the
carrion deposited in garbage dumps, which has led to increases in their populations
(Pons 1992; Tortosa et al. 2002). In the marine environment, the growing amounts
of fishing discards are directly related to the recovery of threatened species, such as
the Audouin’s gull and the Balearic shearwater Puffinus mauretanicus (Oro et al.
1996; Bicknell et al. 2013).

Conversely, the exploitation of anthropogenic carrion can constitute an ecological
trap with adverse demographic effects. Changes in the availability of subsidies, may
revert population parameters. The interruption of the food supply can lead to a
decrease in breeding success, fecundity or survival (Bicknell et al. 2013; Margalida
et al. 2010, 2014b; Plaza and Lambertucci 2017). Thus, the almost exclusive depen-
dence on anthropic resources by scavengers can lead to unexpected demographic
changes. The quality of the carrion provided is also key to the survival of scavengers.
Illegal or irresponsible actions have resulted in poisoning events impacting scavenger
populations. The quasi-extinction of vultures in India due to the use of the anti-inflam-
matory veterinary drug Diclofenac is an example (Oaks et al. 2004; Green et al. 2004),
as is the poaching of vultures in eastern and southern Africa (Ogada et al. 2016a, b) or
lead poisoning in vultures due to the consumption of meat contaminated with lead
ammunition from hunting activities (Fisher et al. 2006; Gangoso et al. 2009; Herndndez
and Margalida 2009a). Social conflicts due to complaints related to the predation on
living livestock by vultures and other scavengers have emerged in countries with
important numbers of necrophagous birds, such as Spain and France (Margalida et al.
2011a, b, 2014b). This predation has been exacerbated by food shortages from sani-
tary management policies in the European Union (Dondzar et al. 2009; Margalida
et al. 2010; Lagos and Barcenas 2015). Demands for compensation and a growing
animosity toward scavengers have been triggered by changes in their feeding patterns.
They may approach livestock for the purpose of consuming placentas or predating on
dying, diseased or physically impeded animals (Margalida et al. 2011a, b, 2014b). An
increase in these behaviors in vultures can then change the perception of these species
as public health allies in the natural environment (Margalida et al. 2014c; Dondzar
etal. 2016). As a result, increased persecution toward these animals increase their risk
of extinction, as occurs in Africa and Asia (Ogada et al. 2012, 20164, b; Buechley and
Sekercioglu 2016).
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Key Changes in Ecological Processes at Different Scales

The human-subsidized carrion changes the functioning of food webs, consequently
triggering effects on ecological processes at the individual, population and ecosys-
tem levels (Table 1; Oro et al. 2013). Given that food is a limiting factor in the wild
that largely determines the fitness of individuals, the transition of this resource from
being an object of competition to being available ad libitum impacts the life traits of
scavenger species. Not all effects apply to all systems where carrion appears, nor to
all populations or individuals. Nonetheless, these effects have been demonstrated
and are therefore shown below.

Table 1 Effects of human-subsidized carrion on ecological processes at individual, population
and ecosystem and community levels

Type of alteration | Effect on ecological process and/or display

Individual level

Increase in body | Scavengers accessing more abundant human-mediated resources can display
mass higher body sizes than those for whom food is a limiting factor (Yom-Tov
2003; Oro et al. 2013). Supplementary feeding programs for raptors
provisioned with carrion reduces sibling aggression allowing a faster growth
of the chicks in the nest due to an optimized gain of body mass (Gonzdlez

et al. 2006). Moreover, the physical condition of adults also improves if food
is abundant (Votier et al. 2010)

Increase in The territories where carrion occurs in greater amounts have a higher quality
fecundity and favor a better physical condition for successful reproduction. This has
been shown in seabird populations that have been exposed to non-limiting
carrion subsidies that later suddenly disappeared (Pons and Migot 1995)

Survival Predictable carrion allows food to be obtained without competing with
conspecifics and heterospecifics. It also mitigates the need for searching over
wide areas. In this way, large carnivores or gregarious scavengers have
increased their life expectancy (Oro et al. 2008)

Physiological The less effort needed in the discovery and competition for food, the greater
changes the energy savings. Predictable carrion contributes to the investment of
energy in vital activities other than searching and fighting for food. In
individuals benefitting from plentiful carrion, breeding success is increased
and the display of sex traits is enhanced (Oro et al. 2013)

Dispersal The presence of predictable food sources reduces the size of dispersive
alteration movements in pre-adult ages (Margalida et al. 2013). The visitation of
locations with carrion diminishes the risks of scanning unknown territories,
which can be potentially hazardous due to poisoning, poaching, etc. This can
contribute to reducing mortality rates (Oro et al. 2008). The concentration of
immature individuals around predictable sources of carrion is higher than
that of adults; this affects the selection of breeding areas, which also tend to
be closer to these sources of food (Margalida et al. 2011a, b)

Changes in space | Foraging areas in habitats that are little transformed by humans are being
use replaced by agriculture or semi-urban landscapes where finding carrion is
more likely. The selection of feeding habitats has changed towards the
inclusion of anthropic elements, both at a landscape level and related to
human activity (Margalida et al. 2016, 2017b)
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Table 1 (continued)

Type of alteration ‘ Effect on ecological process and/or display

Population level

Population size

Scavenger populations have increased as a result of the greater availability of
food resources (Mundy et al. 1992; Donazar et al. 2009), especially in areas
where subsidies are generated abundantly. The anthropogenic carrion favors
a better physical condition of the individuals prior to reproduction,
increasing fecundity, allows better development of the offspring and
increases survival (Oro et al. 2008; Margalida et al. 2014a)

Population Species with short-life cycles (R-strategists) whose populations fluctuate

fluctuations and | according to changes in the availability of resources, in the prevalence of

resilience epizootics or in meteorology, have seen their population dynamics altered due to
the absence of food shortage periods. Thus, exploitation of carrion by rodents,
ungulates, passerines or fishes reduces periodic population fluctuations allowing
greater resilience to stochastic environmental scenarios (Oro et al. 2013)

Demographic The supply of subsidized carrion modifies the age ratios of avian scavenger

structure populations. The population pyramid is modified, increasing the representation
of pre-adult age classes (Oro et al. 2008; Margalida et al. 2011a, b)

Population In areas where carrion is abundant the density of scavengers increases (Parra

density and
concentration of
breeding nuclei

and Telleria 2004). There are changes in emigration-immigration rates and
an attraction to these areas from other patches that are not subsidized
(Martinez-Abrain et al. 2012; Monsarrat et al. 2013). This provokes the
packing of territories, a greater frequency of inter- and intraspecific
competition and density-dependent phenomena (Carrete et al. 2006;
Margalida et al. 2009)

Foraging This change is especially relevant in vultures, who are evolutionarily adapted

behavior to large prospective movements and visual communication over long
distances (Jackson et al. 2008; Cortés-Avizanda et al. 2014). The foraging
movements have decreased in length and the routes have been fixed in
advance towards places where anthropogenic carrion appears

Migratory As one of the main drivers of migration is the limitation of trophic resources,

behavior the abundance of food throughout the annual cycle has reduced the size of
the migratory movements and has even caused populations to stop migrating
and remain close to breeding areas (Pulido 2007). In other cases, migrants
relocate their wintering destinations to specific areas with subsidized carrion

Diet The contribution of anthropogenic carrion to the environment has modulated

the diet of different necrophagous species, making this biomass more
represented (Donazar et al. 2010)

Ecosystem and community levels

Competition

A higher availability of carrion relaxes the competition during its
exploitation since a greater number of individuals can take advantage of it,
especially pre-adult individuals (Margalida et al. 2011a, b, 2013; Moreno-
Opo et al. 2015a, 2016). However, the hierarchies in its exploitation continue
operating and the most dominant individuals obtain the food (Cortés-
Avizanda et al. 2010; Moreno-Opo et al. 2016). The subsidized carrion can
increase competition in other fields: aggressive behaviors for breeding
territories close to predictable food and a subsequent decrease in the
attention investment towards other vital activities and the reduction of habitat
quality (Carrete et al. 2006; Robb et al. 2008)

(continued)
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Table 1 (continued)

Type of alteration

Effect on ecological process and/or display

Predator-prey
relationships

When scavengers have predatory ability, an increase in their population could
generate hyperpredation on prey species in the surroundings of landfills or
vulture restaurants (Cooper and Ginnett 2000; Cortés-Avizanda et al. 2009).
The population increase of facultative necrophages also has consequences on
other species that become prey when carrion begins to dwindle: some gulls
that take advantage of fishing discards later prey on pulli of other seabirds in
mixed colonies (Oro et al. 2013) or the increase of opportunistic
mesocarnivores due to the high availability of carrion could exacerbate
predation rates in threatened prey species (Moreno-Opo et al. 2015a, b)

Relationships
within food-webs

Omnivorous or facultative scavenger species would be favored with respect
to specialized species and those with less ecological plasticity as well as with
regards to primary consumers, increasing their abundance and influence on
the relationships at different levels of food webs (Margalef 1997)

Species The homogenization of the characteristics of carrion occurring in the wild
composition favors the most dominant and generalist scavenger species, outcompeting
other more specialist species. This decreases species diversity at a local scale
in carrion exploitation events (Cortés-Avizanda et al. 2012). Carrion may
serve as an important resource for some alien species increasing their chances
of establishment and their conversion into invasives (Benbow et al. 2016)
Habitat The existence of an energetic element as powerful as carrion diminishes the
characteristics diversity of behaviors and relationships between living beings, skewing

towards the superabundance of certain animals with respect to others. This
has long-term effects on the population dynamics, due to the variation in
intensity and frequency in the individual animal-plant and animal—animal
interactions (Bascompte et al. 2006). The simplification in habitats where
subsidized carrion appears is produced either by reinforcement or relaxation
of these interactions depending on their affinity for carrion or specialization
with respect to other life strategies (Benbow et al. 2016)

Nutrient transfer

‘When carrion is abundant, alterations in soil conditions occur at a local scale due
to the increase of different elements (nitrogen, potassium, sodium and sulfur)
from both the carrion and the animals that are concentrated for its exploitation
(Barton et al. 2013a, b). In addition to pH modification, bacterial and fungal
activity increases due to an increase in nutrient availability (Leff et al. 2015)

Human-wildlife
conflicts

Anthropogenic carrion can trigger an increase in the interactions of wildlife
with livestock, agriculture or even human security. These interactions derive
mainly from the concentration of animals around specific points (dumps and/
or vulture restaurants) that could interact with human uses or enhance the
perception of increased predations on livestock (Margalida et al. 2011a, b,
2014a; Dondzar et al. 2016; Morales-Reyes et al. 2018)

Conclusions and Future Perspectives

Patterns of carrion occurrence are being modified at a global scale and in a short-
period of time, shifting from a pulsed random resource to a more predictable food
source depending on human activities. As a result, wild scavengers are adapting
their behavioural and feeding ecology to the different types of human-mediated car-
rion subsidies: livestock carcasses, hunting remains, fishing discards and rubbish
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dumps are the main sources of non-natural carrion exploited both, by obligate and
facultative scavenger species, especially in the most industrialized countries.
Otherwise, the decline of wildlife populations as well as the implementation of
some sanitary regulations are reducing the availability of natural and human-
mediated carrion resources, respectively, worldwide. All these alterations are pro-
voking different effects on scavengers at different levels.

From an individual standpoint, the biological fitness of scavengers is affected by
the increase or decrease of human-mediated carrion, including changes in parameters
such as fertility, survival, and space use. To these individual effects, population impli-
cations have been observed, including demographic (changes in population size and
density-dependence phenomena), behavioural (intra- and interspecific competition
and migration), and distribution (modulation of distribution range) modifications. At
the community level, anthropogenic carrion subsidies have also produced alterations,
especially in food web performance, in predator-prey relationships, and other related
issues like species richness and even in characteristics of the landscape.

The influence of human activities on carrion-related ecological processes requires
a further greater research effort. It is also important to deepen this analysis from a
conservation biology perspective. In this sense, analyzing the ecological require-
ments of the different scavengers and their communities should be prioritized. Once
this knowledge is thoroughly adquired, it is necessary to avoid the negative impacts
from the anthropogenization on the occurrence of an essential resource as carrion
for the most specialized and sensitive species. Accordingly, management measures
determining carrion availability should be adapted to natural scenarios in which the
carrying capacity of the environment is mediated by ecological pressures, being
influenced as little as possible by human activity. This should be a conservation
target for policy-makers and managers with the purpose of ensuring a key ecosys-
tem service provided by scavengers and, in parallel, the monitoring and conserva-
tion needs of threatened populations.
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Introduction

At present, carrion is managed almost exclusively for the benefit of people, i.e., to
minimize potential repercussions to human health, with little thought afforded to the
important role this resource plays in supporting an array of the earth’s biodiversity
(or, for that matter, its contribution to ecosystem nutrient cycling) (chapter “Ecological
Functions of Vertebrate Scavenging”). As mentioned in previous chapters, carrion is
a critically important food resource for vultures, and scavenging mammals such as
foxes, jackals, and hyenas (see chapter “Vertebrate Scavenging Communities”). It
also serves as the breeding and foraging grounds for a host of invertebrate species
(chapter “Invertebrate Scavenging Communities”) whose micro-scavenging ecosys-
tem services are still not commonly recognized and, as such, remain largely under-
valued. Due to its unsavory nature, carrion is above all regarded as something that
must be disposed of quickly. And while vultures are nature’s most highly evolved
scavengers, with an ability to rapidly strip a carcass bare—often in a matter of min-
utes (Ruxton and Houston 2004), the increasing interference in the scavenger food
web through a host of anthropogenic activities has correspondingly severely com-
prised the availability and quality of carrion. In stark contrast to the pre-Anthropo-
cene era, it is now rare that carrion from wild animals can be found on the landscape
anywhere in the world, except for that killed along roads or shot by hunters (chapter
“Human-Mediated Carrion: Effects on Ecological Processes”). As populations of
scavengers likely collapsed in response to this decrease in wild carrion, some species
simultaneously evolved to feed on the deceased domestic animals that have followed
in man’s footsteps across the planet (Oro et al. 2013).

It is from this co-evolution of scavengers and domestic animals that the decreas-
ing quality of carrion comes into focus as its management moves away from tradi-
tional systems and shifts increasingly, and sometimes controversially, to the center
of policy debates regarding its disposal (Margalida et al. 2010).

Although dwindling in scale, the practice of transhumance (i.e., the seasonal move-
ment of people and their livestock) is a traditional form of livestock management that in
turn provides carrion for an array of scavenging species (Olea and Mateo-Tomads 2009).
In some areas of the world, notably India, religion exerts a powerful influence on the
management of, and even arguably perceptions towards, carrion. The sacred cows of
Hindu culture have ensured an unending supply of carrion, especially for vultures.
Here, the resultant carcass dumps provided an abundant, steady and geographically
static food source that artificially inflated vulture populations (Taggart et al. 2015) (see
chapter “Vertebrate Scavenging Communities”, Box 1). Similarly, in southern Europe,
feeding stations synonymous with vulture restaurants, have for decades operated so that
farmers could cheaply and efficiently dispose of their domestic carrion (Dupont et al.
2012). Across the world, there has been a long-standing symbiosis whereby scavengers
consume the gut piles and other remains left behind by hunters (Mateo-Tomads et al.
2015; chapter “Human-Mediated Carrion: Effects on Ecological Processes”).

Traditional management of carrion has relied on the ecosystem services provided
by scavengers, especially vultures. However, alongside this, the development of
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pharmaceutical drugs and pesticides, with the concurrent rise and evolution in their
usage, and the long-standing presence and availability of lead in the environment,
have all introduced a wide range of toxic, although largely invisible, threats that
have devastated many populations of carrion feeders (particularly vultures) through-
out the world. An increased human demand for meat and meat-based products has
led to a corresponding rise in livestock rearing (Margalida et al. 2014a), which
should theoretically benefit scavengers. Instead, the increased use of pharmaceuti-
cal drugs to treat livestock has made scavengers more vulnerable than ever (Taggart
et al. 2015).

In this chapter we will review historic practices related to carrion management
and how these have impacted more recent management practices and perceptions,
as well as scavengers themselves. Drawing from our own perspectives and experi-
ences in field research, wildlife biology and ecotoxicology, we will outline ways in
which current aspects of carrion management and the carrion now offered to scav-
engers, especially vultures, is either inherently unsafe or carries a high potential
risk, largely due to widespread assumptions made about its safety and insufficient
safety verification practices. We will start by discussing how the widespread use of
non-steroidal anti-inflammatory drugs (NSAIDs) in livestock has altered the tradi-
tional management of carrion in South East Asia. We will evaluate how human-
predator conflict in Africa and Europe shapes the mismanagement of carrion,
leading to large casualties due to non-targeted poisoning. Similarly, we will discuss
the myriad cases of secondary poisoning related to agricultural use of pesticides and
anticoagulant rodenticides. The impacts that arise from lead poisoning in hunter-
killed carcasses, mainly for vultures, and the implications of lead contamination for
ecosystems, will also be discussed.

More recently, a series of disease outbreaks in both domestic and wild animal
populations have thrust the issue of carrion management into sharper focus (see
chapter “Human-Mediated Carrion: Effects on Ecological Processes”), often to the
detriment of scavengers. Outbreaks of bovine spongiform encephalopathy (BSE) or
‘mad cow disease’ and chronic wasting disease have raised concerns over the pos-
sibility of further transmission from infected carcasses and, ultimately, as we under-
lined at the beginning of this section, the potential repercussions to human health
(see chapter “The Role of Scavenging in Disease Dynamics”). In the case of BSE
these concerns have resulted in a series of regulatory actions for the disposal of car-
rion in the European Union (EU). In light of this, sanitary policies that restrict car-
rion management and limit its provision to scavengers will also be considered.
Throughout this chapter, we reflect not only upon the role but on the effectiveness
of legislation in the ongoing management of carrion as well. We also discuss the
pros and cons of provisioning food at feeding stations for improving the survival of
threatened scavengers. A number of innovative approaches being taken to reduce
the contamination of carcasses and carrion, thereby ensuring their safety for scaven-
gers and the surrounding ecosystems, are also presented, in tandem with a general
‘forensic approach’ with emphasis on feeding habits and dietary predilections.
Wherever possible, areas where we believe more vigilance and attention is required
for safe, effective carrion management are highlighted.
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Widespread Contamination of Carrion with NSAIDs

(and other Veterinary Agents) and Ecosystem-Level Effects
in Asia: with Perspectives from Africa, North America

and Europe

The threat posed by the NSAID diclofenac to Old World vultures on the Indian sub-
continent (a.k.a. the ‘Asian Vulture Crisis’) has been thoroughly established (see, for
example Taggart et al. 2015; Richards et al. 2018; Zorrilla et al. 2015). There, three
species of Gyps vultures, namely the: Oriental White-backed Vulture Gyps bengalen-
sis, Long-billed Vulture G. indicus, and Slender-billed Vulture G. fenuirostris, once
among the most populous on earth, were nearly brought to extinction following
exposure to residues of the drug in dead livestock left at carcass dumps expressly for
vultures to dispose of (Prakash 1999; Gilbert et al. 2002; Oaks et al. 2004). The
plummet in the number of vultures and the unprecedented speed at which it came
about—in less than a decade—precipitated an influx of vectors such as feral dogs,
which, to compound matters, cannot rival the proficiency and speed of vultures in
disposing of a carcass (Pain et al. 2003; Ogada et al. 2012). Many of these animals
are also aggressive towards people, with an increase in bite incidents and subsequent
rabies transmission rates being of concern (Markandya et al. 2008). Tanners and
bone collectors—who benefitted from the thoroughness with which vultures clean a
carcass and its hide—saw their livelihoods adversely affected too. True, the vulture
population on the Indian subcontinent was artificially inflated due to the presence of
the carcass dumps (Taggart et al. 2015). But the existence of the dumps, the rapid
cleanup provided by the vultures (and their deterrence of feral dogs) as well as the
facilitation of the tanning and bone collection livelihood constitutes an interesting
(and, unfortunately all too rare) example of symbiosis, where humans and wildlife
co-exist closely in a largely urbanized environment without being in conflict.

Further investigation since then has revealed that additional NSAIDs (e.g., keto-
profen, ibuprofen, flunixin) are also likely harmful—if not outright toxic—to Old
World vultures and other avian scavengers (Cuthbert et al. 2007, 2015). The neces-
sity of determining presence, identifying exposure sources and considering poten-
tial repercussions of other veterinary agents like antimicrobials/antibiotics and
euthanasia drugs also continues to be highlighted (e.g., by Taggart et al. 2015; Wells
et al. 2019). In 2016, a movement began to ban the NSAID aceclofenac, which
metabolizes in vivo to diclofenac in cattle, and as such is considered to pose an
equal danger (Galligan et al. 2016), the toxicity and threat of aceclofenac having
first been raised in 2012 (by Sharma 2012). Several studies (including that of Casas-
Diaz et al. 2016) have demonstrated that (Eurasian Griffon) Vultures are indeed
accessing antibiotic residues in livestock carcasses provided at feeding stations, and
that such exposure—at concentrations deemed too low to be toxic, but that could
lead to antibiotic resistance given frequent exposure—is widespread.

Nonetheless, there remains a troubling discord with actual implementation of
tangible steps to safeguard beneficial scavengers from contaminated carrion or in
some cases, even with an acknowledgement that such threats do indeed exist. In
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2014, diclofenac was registered for veterinary use in Spain, despite that country
hosting over 95% of Europe’s vulture population, an important number of Red Kites
Milvus milvus, and the entire population of the threatened Spanish Imperial Eagle
Agquila adalberti (Margalida et al. 2014b). The registration was achieved under the
premise that the conditions, which prevailed on the Indian subcontinent (i.e., inten-
sive use of the drug in livestock and an extensive network of carcass dumps) are not
applicable in a European context.

In western Europe, for example in Spain, veterinary drug withdrawal periods
prior to slaughter are not imposed for carcasses provided to scavengers, as is
required with those slated for human consumption (Casas-Diaz et al. 2016). Indeed,
the presence/absence of veterinary residues in carcasses offered to vultures at feed-
ing stations and in animals that are extensively reared (i.e., outside) still remains
largely unclear and the same holds true for carcass meat provided at captive breed-
ing facilities (Richards et al. 2014; Zorrilla et al. 2018). As yet, no government body
can provide reliable statistics on the actual incidences of animal exposures (Ruiz-
Sudrez et al. 2015).

The availability of residues of other harmful agents like the euthanasia drug
sodium pentobarbital in livestock and domestic animal carcasses, which have
already claimed the lives of many carrion feeders, must also be thoroughly investi-
gated. Numerous studies—largely based in North America (e.g. Hayes 1988;
Krueger and Krueger 2002; Langelier 1993; O’Rourke 2002) have shown both that
sodium pentobarbital residues are highly persistent, and they have reflected that the
management of euthanized animal carcasses is neither universally regulated nor
transparent at the moment—an issue highlighted in Taggart et al. (2015). Payne
et al. (2015) examined decomposition of euthanized horses composted in wood
chips and detected residues of sodium pentobarbital over a year (367 days) later. A
review conducted by Wells et al. (2019) uncovered more than 400 related animal
poisonings—including of Griffon vulture and eagles—and of which 75% of cases
were not part of the published literature.

Another increasingly well studied area that must now receive broader consider-
ation within management and regulatory circles is the potential repercussion of such
residues to micro-scavengers, in terms of disrupting the various life cycle stages,
further halting the decomposition of carcasses and encouraging the propagation of
disease. As such, these findings must also be assimilated and embraced by the
macro-scavenger research community for their complementarity. Indeed, human
forensic research has shown that residues of recreational drugs (e.g., heroin and
methamphetamine) in a cadaver can slow larval development, which in turn affects
the rate of decomposition (not to mention the determination of the time of death;
Verma and Paul 2013). An ample breadth of research has examined the potential for
veterinary agent residues (e.g., endectocides, antimicrobials) in the dung of live-
stock to be harmful to coprophagous beetles (e.g., Lumaret and Errouissi 2002;
Floate 2006; Tixier et al. 2015; Verdu et al. 2015). A comprehensive risk assessment
to evaluate the toxicity of residues in cattle dung was recently developed (Floate
etal. 2015). We note that such a risk assessment would also be relevant for coproph-
agous (and opportunistic) scavengers like the Egyptian Vulture Neophron percnop-
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terus. Even if coprophagy is not their primary dietary predilection, and though it is
not strictly tied to their consumption of carrion, their population status is such that
any threat must be considered and explored (Richards et al. 2014), especially in
light of how it could undermine those regulations and management practices enacted
to protect the species. To our knowledge, no studies have yet examined which vet-
erinary agents are available to scavenging insects when they feed upon the carcasses
of previously medicated livestock, and whether such exposure impacts the (cur-
rently undervalued) nutrient cycling ecosystem service they provide.

In summary, researchers and managers should consider the likelihood that,
broadly speaking:

a. Residues of NSAIDs and other veterinary agents are more prevalent in the car-
casses of livestock animals (see, for example, Casas-Diaz et al. 2016; Wells et al.
2019) than is current widely accepted;

b. Vultures therefore face ongoing exposure to sub-lethal (if not lethal—see Zorrilla
et al. 2015) levels of veterinary agents.

We believe that the practice of deliberately lacing livestock carcasses with
acutely toxic agents—often organophosphorus or carbamate pesticides—to kill
predators, is a contributing factor to the current dearth in information regarding
presence/absence of veterinary agent residues in carcasses, and to a lack of routine
monitoring for evidence of chronic exposure in vultures (see Richards and Ogada
2014). Following an incident of vulture/scavenger mortality in which a poisoned
carcass has been implicated, and where residues have been detected in deceased
wildlife, poisoning is determined to have caused death, and no additional inquiry is
carried out. However, it would also be appropriate to opportunistically carry the
investigation one step further, to verify the presence of relevant veterinary agents
both in the implicated livestock carcass(es) and in the deceased animals that fed
upon them. This is a critical piece of information that is not currently being recorded
or factored in to the bigger carcass management and safety assessment picture.

The Role of Human-Predator Conflict in the Illicit Use
of Carrion-Based Poison Baits in Africa and Europe

Whether scavengers are attracted by smell or strictly by sight (e.g., Old World
vultures), carrion is an irresistible lure for both wild and domestic carnivores
(e.g., lions, hyenas, domestic dogs and cats). It is impossible to overstate the
gravity of the use of carrion-based poisoned baits to eliminate predators on a
global scale. While there are a number of motives for using carrion to attract or
to bait carnivores, the overwhelming one is malicious (Herndndez and Margalida
2008; Giorgi and Mengozzi 2011; Richards 2012). However, baits are also used
(mostly legally) by national wildlife authorities to control wildlife populations
(e.g., Lewis 1968; Jarvis and La Grange 1982; Linhart et al. 1993; Whitfield
et al. 2003; Olea et al. 2009).
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Indeed, carrion baits have been used to administer contraceptives or vaccina-
tions, and as part of sanctioned predator elimination measures (Linhart et al. 1993).
While many countries worldwide formerly instituted poisoning campaigns to elimi-
nate predators (Leopold et al. 1964; Martinez-Haro et al. 2008; Ogada 2014), the
current legal usages of poison baits against predators are largely confined to island
nations seeking to control or eradicate those that have been introduced (e.g., Alterio
2000; Glen et al. 2007). However, the bulk of legal, sanctioned use of poison baits
does not fail to prevent secondary poisoning of predators, most notably mustelids
and raptors (Kaukeinen 1982; Berny et al. 1997; Gillies and Pierce 1999; Eason
et al. 2002; Brakes and Smith 2005; Olea et al. 2009). Household pets are also at
risk (Meenken and Booth 1997). Increasingly, however, the use of specially trained
conservation detection dogs to pinpoint the whereabouts of the predator species of
interest may considerably reduce secondary and unintentional poisonings, by help-
ing managers confine eradication efforts only to those specific areas (see for e.g.
http://www.doc.govt.nz/our-work/conservation-dog-programme/).

The predominant use of poisoned baits stems from conflicts between humans
and predators, and this widescale and illegal use occurs in every conceivable part of
the world. The use of poison baits represents the principal non-natural factor in the
extinction of several European vertebrate megafauna over the previous two centu-
ries, and it can be considered the most significant cause of non-natural mortality of
wildlife in Spain, one of Europe’s main vulture strongholds (Margalida 2012;
Margalida et al. 2014c; Mateo-Tomds et al. 2012). Poisoned baits targeting preda-
tors also affect many other species, most notably obligate scavengers. In the follow-
ing sections, we discuss the implications of the illegal use of carrion-based poison
baits on populations of predators and scavengers in Africa and Europe and the
related implications for carrion management.

Africa

As in many other parts of the world, the use of poisons for lethal predator control to
eliminate mammals such as lions, hyenas, wild dogs, and jackals has also been
prevalent in a large number of African countries (Ogada 2014). Most of these cam-
paigns, instigated by national wildlife authorities and often lasting for decades,
involved baiting carrion with strychnine (Ogada 2014). Consequently, populations
of predators and scavengers, particularly long-lived and slowly reproducing species,
such as vultures, have been devastated. Jackson (1938) wrote of the demise of
Riippell’s Vultures G. rueppellii in the Kenyan highlands due to strychnine poison-
ing during the early 1900s. While most government-led poisoning campaigns have
since ended, using poisons to control predators and other animals perceived to be
‘damage-causing’ has become an almost reflexive practice entrenched in many
African countries such that today wildlife poisoning remains one of the most seri-
ous threats to all predators and scavengers, in addition to a host of other ‘problem’
animals e.g. monkeys, baboons, seed-eating birds (Fig. 1; Ogada 2014).


http://www.doc.govt.nz/our-work/conservation-dog-programme/

220 D. Ogada et al.

Fig. 1 Intentionally poisoned spotted hyena Crocuta crocuta whose carcass subsequently poi-
soned a critically endangered White-headed Vulture Trigonoceps occipitalis and a Bateleur
Terathopius ecaudatus in the Masai Mara, Kenya. Photo by H. Courant

The use of baited carrion to poison lions, hyenas and other large mammalian
predators has had substantial impacts on their populations throughout Africa. Lions
are particularly vulnerable to baited carrion because they readily scavenge, and
whole prides can be wiped out at a single baited carcass (Frank 2011). Already lions
are extinct in North Africa, and only a few relic populations currently exist in West
and Central Africa, while in East Africa lion populations have been devastated by
widespread poisoning. Three species of African hyena (spotted; Crocuta crocuta,
brown; Hyaena brunnea, and striped; H. hyaena) are the biggest target of poisoning
campaigns (Ogada 2014). Their opportunism and, hence, their indiscriminate food
choices, make them particularly vulnerable and their extinction across large parts of
their former African range has doubtless arisen due to poisoning (Fig. 1; Mills and
Hofer 1998; St John et al. 2011). Wild dogs Lycaon pictus, leopards Panthera par-
dus, jackals (Canis sp.) and caracals Caracal caracal also join the list of unfortunate
mammalian predators that have been widely persecuted in Africa through the use of
baited carcasses (Ogada 2014).

Populations of African raptors, and particularly those that scavenge as a major
portion of their diet, have been hard hit by the indiscriminate use of baited carrion,
most notably Tawny Eagles Aquila rapax, Bateleurs Terathopius ecaudatus, and
vultures. There can be no denying the massive impact of poisoned carcasses on
populations of African vultures. The vast majority of vulture poisonings have
resulted from livestock farmers baiting carrion or meat pieces in order to eliminate
mammalian predators (Ogada et al. 2016a). However, some vultures, particularly
Lappet-faced Vultures Torgos tracheliotos in southern Africa, have been intention-
ally poisoned by livestock farmers who allege that the birds kill newborn lambs
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(Mundy et al. 1992; Bridgeford 2001). More recently, poachers have taken to lacing
elephant carcasses with pesticides to deliberately kill vultures whose overhead cir-
cling gives away the location of their illicit activities (Ogada et al. 2016b).

Beginning as early as the 1900s, entire populations of some species of vulture
were notably declining due to the indiscriminate use of poisons to kill mammalian
predators (Jackson 1938; Boshoff and Vernon 1980). By mid-century, lethal preda-
tor control campaigns were well underway across the continent (Thévenot et al.
1985, 2003; Toure 1988; Cherkaoui 2005; Chardonnet et al. 2005) with devastating
impacts for vultures. During a survey of wildlife in Zaire (Democratic Republic of
Congo) lions were poisoned at baited carcasses, which also caused significant
declines of vultures in several parts of the country (Verschuren 1975). A recent
review of African vulture declines indicated that 61% of mortalities during 1961—
2014 were caused by poisoning and this was the single biggest factor behind
plummeting populations, estimated to have declined by 62% on average for eight
species of vulture over the past 30 years (Ogada et al. 2016a).

Europe

Across Europe, the use of poisoned baits to control predators, such as wolves and
jackals, was widespread and legal until the mid-to-late twentieth century, e.g., in
Spain it was legal until 1983 (Tavares 2013). Perhaps due to this long legacy of legal
use, deliberate poisoning of predators to protect livestock and wild game continues
illegally in many countries, particularly in Spain, Scotland, France, Greece and Italy
(Guitart et al. 2010; Tingay et al. 2012), although illegal poisoning probably occurs
in every country in Europe (see, for e.g., Richards 2012). Here, as in Africa, illegal
poisoning is most commonly carried out by lacing baits such as carcasses or meat
with toxic pesticides (Tavares 2013).

Southern European vulture populations have been devastated by the illicit use of
carrion-based poisoned baits. For example, the use of poison is thought to be the
main cause of the local extinction of several species (e.g., G. fulvus) in Romania that
arose in the 1970s (Mateo-Tomads et al. 2012). Population declines of Bearded,
Egyptian and Cinereous Aegypius monachus vultures in Spain have all been linked
to illegal poisoning, particularly of adult birds, which could have major implications
on the population dynamics (and general recovery) of these species (Hernandez and
Margalida 2008; 2009; Margalida et al. 2008, 2014a). In the French Pyrenees, 25%
of Bearded Vulture mortalities were caused by poisoning (Berny et al. 2015). The
use of poisoned baits targeting predators, mainly Red Fox Vulpes vulpes, is also an
important factor in the decline of Spanish Imperial Eagle populations (Gonzalez
et al. 2007).

In the UK, poisoning is the most prevalent form of illicit control of birds of prey,
particularly in Scotland (Whitfield et al. 2003; Tingay et al. 2012). Carcasses, or
other bait laced with poison, are used to kill predators, typically foxes and birds of
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prey, often in areas with a high prevalence of game hunting. The persecution of
Golden Eagles A. chrysaetos, mainly on grouse moors, probably has national-level
impacts and is estimated to cause 3—5% annual adult mortality, a level which predis-
poses their Scottish populations to decline (Whitfield et al. 2004).

Legal Use of Insecticides and Rodenticides Contaminates
Carrion and Secondarily Poisons Scavengers

During the legal application of pesticides, particularly to control agricultural pests,
carrion often becomes a toxic by-product, or ‘casualty’. Pest species such as rodents
and Quelea birds are often targeted for removal using anticoagulant rodenticides
and organophosphate pesticides (Bruggers et al. 1989; Thomas et al. 2011).
Invariably, the contaminated carcasses not found during removal efforts are readily
consumed by a wide variety of predators and scavengers with likely enormous—but
as yet unquantified—consequences for the populations of those species, which exist
in naturally low numbers and occupy a position at the top of the food chain.

More than 30 pesticides registered in North America and Europe have been
known to cause the death of wild terrestrial vertebrates, even when used according
to the relatively stringent regulations in force in those countries (Mineau 2013). In
2016, a newly released draft evaluation from the US Environmental Protection
Agency maintained that three organophosphate pesticides: malathion, chlorpyrifos
and diazinon pose an especially significant threat to numerous endangered species
in North America (U.S. Environmental Protection Agency (USEPA) 2016a, b, c).
And, where toxic carrion does not kill a scavenger outright, a high proportion of
currently registered pesticides have the potential to disrupt reproduction by reduc-
ing egg production, hatching, or fledging success (Mineau 2013).

Over the years, many secondary poisoning incidents have involved raptors
ingesting carrion contaminated by organophosphate and carbamate pesticides
(Elliott et al. 1996; Mineau et al. 1999; Elliott et al. 1997, 2008). Particularly wor-
rying have been single incidents where alarmingly high levels of mortality have
been recorded. For example, an estimated 400 diurnal raptors and owls perished in
Israel after monocrotophos, an organophosphorous pesticide, was applied for the
purpose of killing voles (Mendelssohn and Paz 1977). Although the difficulties in
quantifying the effects of pesticide-related mortality on raptor populations has been
noted by Henny et al. (1999), attempts have nonetheless been made to enumerate
the impacts of secondary poisoning due to the consumption of contaminated small
mammals and birds. Balcomb (1983) noted that the then current 3,000,000 ha of
corn treated annually with granular carbofuran in the United States had the capacity
of killing or incapacitating several thousand raptors via secondary poisoning. In
Kenya, after two nesting colonies of Red-billed Quelea Quelea quelea were sprayed
(50 ha), 70% of the raptor population was found to be exposed to the avicide and
two individual raptors found dead, indicating both lethal and sub-lethal effects to
predatory birds (Bruggers et al. 1989). A study of Bald Eagles Haliaeetus leuco-
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cephalus along the James River, Virginia, USA (USEPA 1989) found that secondary
poisoning by carbofuran may have accounted for 6.5-8.3% of eagle mortality dur-
ing 1985 and concluded that this level of pesticide-related mortality would likely
result in a noticeable decrease in the population of breeding eagles.

Anticoagulants are toxic to all vertebrates. Second generation anticoagulant
rodenticides (e.g., difenacoum, bromadiolone, brodifacoum) are more acutely toxic
at lower doses than their first generation predecessors (e.g., warfarin, pindone) and
are more persistent in vertebrate livers (Parmar et al. 1987; Stone et al. 1999). This
extreme toxicity and longer persistence increases their potency as an agent of sec-
ondary poisoning (Thomas et al. 2011). An array of literature that spans the globe
recounts the hazards of secondary poisoning due to second generation anticoagulant
rodenticides, and identifies birds of prey, particularly owls, as the species most
affected (Eason et al. 1999; Newton et al. 1999; Stone et al. 1999, 2003; Berny and
Gaillet 2008).

Forensic analysis determined that a majority of Great Horned Owls Bubo virgin-
ianus and about 50% of Red-tailed Hawks Buteo jamaicensis in New York State
were exposed to anticoagulants (Stone et al. 2003). In Spain, similar forensic data
and analysis showed that 61% of owls, 37% of carnivores and 27% of diurnal rap-
tors had been exposed to anticoagulants (Sdnchez-Barbudo et al. 2012). In Britain,
20% of Tawny Owls Strix aluco had been exposed (Walker et al. 2008). Despite a
known high prevalence of exposure to anticoagulants, the effects to the overall fit-
ness of wild populations are difficult to measure (Rattner et al. 2014). Although
Smith (1999) found no evidence that rodenticide use causes large-scale population
declines of predatory and scavenging birds, a recent study by Thomas et al. (2011)
estimated that a minimum of 11% of Canada’s Great Horned Owl population is at
fatal risk of poisoning due to anticoagulants, a figure which does not take into
account sub-lethal exposure that could indirectly contribute to mortality.

Contamination from Lead Ammunition in Hunter-Killed
Carrion and its Effects on Scavengers and Ecosystems

Naturally found in the Earth’s crust, lead is released into both terrestrial and aquatic
environments through various anthropogenic sources. These sources include coal-
fired power plants, mining activities and smelting (among other forms of industry),
as well as leaded gasoline, lead-based paints and ammunition. Hunters using lead
ammunition to harvest game and nuisance animals generate lead-fragment-contam-
inated carrion. Lead fragments in the carcass pose a risk to the people or wildlife
consuming it (Hunt et al. 2006; Knott et al. 2010; Haig et al. 2014), whether the
carcasses are collected for human consumption or left or lost in the natural
environment.

Lead enters the bodies of living organisms as a nonessential and toxic element
through inhalation of lead dust or ingestion of paint chips or lead fragments. Lead
poisoning has been documented in numerous obligate and opportunistic scavengers—
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many already identified in previous sections of this chapter as being susceptible to
other toxicants in carrion. Several scavengers evaluated for lead exposure include the
Egyptian Vulture (Neophron percnopterus; Gangoso et al. 2009), Griffon Vulture
(Gyps fulvus; Espin et al. 2014), Common Raven (Corvus corax; Craighead and
Bedrosian 2008), Bald Eagle (Haliaeetus leucocephalus; Scheuhammer and
Templeton 1998), White-Tailed Sea Eagle (Haliaeetus albicilla; Helander et al. 2009),
White-Backed Vultures (Gyps africanus; Kenny et al. 2015) Black Vulture (Coragyps
atratus; Behmke et al. 2015), Turkey Vulture (Cathartes aura; Kelly and Johnson
2011), and California Condor (Gymnogyps californianus, Finkelstein et al. 2012).

The consequences of lead range in avian scavengers from noticeable symptoms
(e.g., lack of coordination, “droop-winged”; Sileo and Fefer 1987; Carpenter et al.
2003) to systemic effects (e.g., decreased haemoglobin synthesis, decreased bone
mineralization; Locke and Thomas 1996; Gangoso et al. 2009). Lead poisoning even
affects wildlife at the population level by impeding recovery of critically endangered
species such as the California Condor (Church et al. 2008; Finkelstein et al. 2012).
The consequences of lead exposure, however, vary at both the individual and species
levels (Pokras and Kneeland 2009; Haig et al. 2014). While wildlife such as California
Condors, Golden Eagles and Bald Eagles often exhibit symptoms of lead poisoning
that result in morbidity or mortality (e.g., crop stasis resulting in starvation; Aguilar
et al. 2012), other scavenging species seldom are found dead or dying from this
heavy metal. For the avian scavengers not commonly debilitated by lead, such as the
Turkey Vulture, experimental lead dosing studies have determined the lead threshold
for the species (Carpenter et al. 2003). Despite the many studies evaluating the point
at which lead poisoning affects various species, surprisingly little is known about the
effects of sub-lethal lead levels in wildlife populations. To assess the potential effects
of sub-lethal lead levels, such as possible behavioural or demographic changes, it
may be valuable to study wildlife in a controlled laboratory environment. Studies in
controlled environments have been used to evaluate the effects of sub-lethal mercury
exposure in wildlife (Lewis et al. 2013; Varian-Ramos et al. 2014), and may prove
useful in examining the effects of sub-lethal lead levels as well.

While it is challenging to assess the importance and effects of sub-lethal lead
exposure in wildlife, there is an extensive list of vertebrate taxa affected by lead
poisoning (Pokras and Kneeland 2009). Additionally, 63 avian species are docu-
mented as having ingested or been exposed to lead from ammunition sources (Pain
et al. 2009). In some cases, such as with Griffon Vultures, birds change their move-
ments and roosts to be closer to hunters (Mateo-Tomas and Olea 2010)—a behav-
ioural observation that allowed researchers to estimate that nearly 2000 vultures over
a 5- to 6-month period could be fed with the remains of hunted Red Deer (Cervus
elaphus) and Wild Boar (Sus scrofa) carcasses (Mateo-Tomds and Olea 2010).
Consequently, lead ammunition represents a significant carrion management issue.

Research and management often considers carrion in at least two parts—the
eviscerated carcass and the viscera, the latter commonly discarded and left for scav-
engers. When an animal is shot with lead ammunition, lead fragments from the
bullet and disperses along wound channels through the meat (Hunt et al. 2006). In a
study that evaluated the presence and dispersal of lead fragments in carrion, the
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average number of fragments in the eviscerated carcass was over 350 (1.20 g), while
the viscera contained approximately 180 (1.48 g, Knott et al. 2010). These findings
closely matched that of Hunt et al. (2006), which estimated 213 fragments per car-
cass and 160 in the viscera. The dispersal of lead fragments within an eviscerated
carcass were on average 24 cm apart, with the most widely separated lead fragments
43 cm apart (Knott et al. 2010).

Managing carrion for possible lead contamination is essential to reducing the
impact that it has on scavenging populations and, ultimately, ecosystem function. In
contrast to other toxic threats discussed in this chapter, visual inspections of car-
casses can aide in identifying the presence of lead. However, the presence of an
entry wound does not conclusively indicate an animal was shot with lead ammuni-
tion. This is because several forms of non-lead ammunition, such as copper bullets,
now exist for hunters to use. Even with a portable x-ray machine, it is still possible
to miss lead fragments embedded in a carcass (Knott et al. 2010). While Nadjafzadeh
et al. (2015) found that avian scavengers, such as White-tailed Eagles, can deliber-
ately avoid fragments as small as 9 mm in size, Hunt et al. (2006) and Knott et al.
(2010) demonstrated the likelihood that many smaller and, hence, less easily avoid-
able fragments are present in a carcass and likely to be consumed. Here again there
exists a dilemma of leaving out carcasses containing potentially harmful traces of
lead, or removing a very important food source.

The scientific community has studied extensively the negative consequences of
lead in the bodies of wildlife and humans (Cook and Trainer 1966; Pattee et al.
1981; Batuman et al. 1983; Locke and Thomas 1996; Dietrich et al. 2001; Canfield
et al. 2003; Carpenter et al. 2003; Needleman 2004; Nevin 2007; Gangoso et al.
2009; Mielke and Zahran 2012; Aguilar et al. 2012). Despite the understanding that
lead is hazardous when ingested or inhaled, there seems to be a disconnect regard-
ing lead’s toxicity and using lead ammunition. To better understand this situation in
the hunting community, Sieg et al. (2009) published the results of the Arizona Game
and Fish Department’s efforts to create an effective communication strategy to pro-
mote voluntary lead reduction within the range of the critically endangered
California Condor. These efforts employed the use of phone surveys and focus
groups to design and modify their campaign. With 205 hunters surveyed, a surpris-
ingly low 23% were “aware that lead poisoning is a problem faced by [California]
condors,” while an even lower percentage of hunters (9%) were “aware of any edu-
cational efforts to try and raise awareness of this issue” (Sieg et al. 2009). Despite
the low awareness rate among hunters that lead poisoning is harmful to scavengers,
the majority of hunters surveyed (between 83% and 97%) said they were willing to
take action to assist in the recovery of the California Condor. This research presents
gaps between the scientific community and the target audience, but details strate-
gies to improve education and outreach programs to promote voluntary lead reduc-
tion efforts. In effectively using marketing and social psychology principles, the
Arizona Game and Fish Department’s voluntary lead reduction program resulted in
a greater than 80% hunter compliance rate, no lead poisoning fatalities during that
hunting season and a declining lead exposure rate in California condors (Sieg et al.
2009).
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Strengths and Limitations of Regulatory Policies

and Voluntary Programs Enacted to Improve Carrion Quality
and Facilitate the Implementation of Sound Management
Practices

As a result of the population crashes of Old World vultures and California Condors,
regulatory policies and voluntary programs have increasingly been enacted to safe-
guard carrion quality.

In 2006, the governments of India, Pakistan and Nepal withdrew the manufactur-
ing licenses for veterinary diclofenac. In India, this directive was further strength-
ened in 2008, when it was made an imprisonable offence to manufacture, retail or
use diclofenac for veterinary purposes. These actions have proven effective in grad-
ually reducing the prevalence and concentration of diclofenac in carcasses (Cuthbert
etal. 2011), while in Pakistan this legislation has been attributed to the (albeit slow)
reversal of declines of Long-billed Vultures (Chaudhry et al. 2012). The NSAID
meloxicam has been confirmed to be a vulture-safe alternative to diclofenac (Swarup
et al. 2007). In a further step to combat ongoing diclofenac-related mortality in
Indian vultures, the government of India also banned the use of multi dose vials of
diclofenac intended for human use, because they were being illicitly used for veteri-
nary purposes, i.e., to treat livestock (Cuthbert et al. 2015). A paper reported on
experimental trials that confirmed the NSAID aceclofenac metabolized to diclofe-
nac in cattle and called for a ban on the drug (Galligan et al. 2016). This concern
had initially been raised several years before (Sharma 2012), and may now in hind-
sight explain some of the observed slow recovery of vulture populations (Cuthbert
et al. 2015). Other NSAIDs have been identified as being harmful to Gyps vultures,
however, due to their infrequent use or short half-life in cattle, there have been rela-
tively few regulatory policies enacted to limit their use in order to improve carrion
quality (Cuthbert et al. 2014). Still, “Vulture Safe Zones” have been created in
some places wherein ketoprofen usage is banned (e.g., in Bangladesh and Tamil
Nadu, since 2017 and 2015 respectively).

Similarly, several successful steps have been taken to address and reduce lead
originating from ammunition in the environment (Pokras and Kneeland 2009). For
example, the United States Army has moved from lead to “green bullets” with a
copper core, and many national parks worldwide have banned the use of lead shot
in waterfowl hunting. Yet few countries have banned lead ammunition for all forms
of hunting (Haig et al. 2014). For example, in Spain, lead ammunition is banned in
wetlands, to hunt waterfowl, but is still used to hunt big and small game (Espin et al.
2014). Similarly, only lead shot for waterfowl hunting has been banned in the United
States and Canada since the 1990s (Haig et al. 2014). Clearly, hunters are key to the
survival of susceptible scavengers. However, merely eliminating lead ammunition
in big game hunters does not represent a workable solution (Haig et al. 2014).
Regulatory policies and voluntary programs to ban or reduce the prevalence of the
use of lead ammunition (at least within the US) have proven somewhat difficult to
implement. Getting hunters to switch to non-lead ammunition has yet to fully take
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into consideration the following, (1) finding effective alternatives, such as copper
and copper alloy bullets, (2) economic costs (lead shots currently remains one of the
least expensive options, but see Thomas 2013), and (3) whether bans would be
enforceable or effective (Epps 2014). Although a ban on lead ammunition was
enacted in California in 2013, the benefits to California Condors remain to be seen
(Finkelstein et al. 2012). However, voluntary programs such as those already imple-
mented by the State of Arizona and the Yurok Tribe in northern California have
shown high levels of compliance (Sieg et al. 2009; Haig et al. 2014). Facilitating
constructive relationships between hunters that use lead ammunition and those that
have switched to non-toxic shot may be one way to promote voluntary compliance.
Practical measures within the ballistics realm, such as the development (and use of)
bullets that only fragment into particles that are large enough for avian scavengers
to avoid (Nadjafzadeh et al. 2015) may also provide a temporary solution.
Attempts to regulate access to highly toxic pesticides has proven more difficult,
especially in Africa where government cooperation has been minimal. In 2009 fol-
lowing numerous high profile lion poisonings, the manufacturers of carbofuran,
FMC Corporation, visited Kenya and immediately began a buy-back program to
remove all remaining stocks from the shelves of agro-vet shops (Kahumbu 2012).
Finally, the ubiquitous but invisible presence of rodenticides within habitats, and
residues in deceased prey, remains not only a significant threat to a number of scaveng-
ing species but also to the related conservation efforts underway. However, of the threats
we have discussed, rodenticides seem to have received the least attention. Somewhat
ironically, assessing the extent and repercussions of sublethal exposure, in /iving ani-
mals, will considerably inform managers regarding the degree of pervasiveness of
rodenticides within a given habitat, as well as appropriate mitigation and remedial mea-
sures to protect scavengers. The proactive, non-invasive collection of faecal matter from
a representative selection of susceptible species for rodenticide analysis may be of par-
ticular value (e.g., following analytical methods developed by Sage et al. 2010).

Regulatory Policy Affects the Quantity of Food Available
for Scavengers

Scavengers, particularly obligate scavengers, currently face three major carrion-
related threats: (1) the consumption of an abundant food source that may be con-
taminated by multiple possible toxins, (2) an often abrupt withdrawal of food
sources, or (3) changes to the temporal and spatial availability of food sources
(Morales-Reyes et al. 2015). Broadly speaking, the modernization of livestock man-
agement, improved sanitation at slaughterhouse and legislation on the destruction of
organic waste have all reduced the quantity of carrion available for scavengers.

In Europe, an outbreak of bovine spongiform encephalopathy (BSE) between
1996 and 2000 caused the EU to regulate the disposal of livestock carcasses through
mandatory incineration at designated plants (Tella 2001; Margalida et al. 2010).
These actions were taken despite the likelihood of their exacting serious
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consequences/repercussions on endangered vultures, including a halt in population
growth, a decrease in breeding success and an apparent increase in the mortality of
young age-classes (Dondzar et al. 2009; Margalida et al. 2010). Morales-Reyes
et al. (2015) have pointed out that these measures in fact contravened the obligation
that EU member states had pledged to safeguard scavenging species—and further-
more had the unintended consequence of increasing greenhouse gas emissions.
Concurrently, the number of farmer complaints about vultures (mostly Griffon
Vultures) attacking and killing cattle increased exponentially (Margalida et al.
2014a). Fortunately for vultures, new EU regulations were adopted in 2011 and the
Spanish government subsequently has allowed farmers to abandon downed live-
stock carcasses in the wild or to dispose of them at feeding stations, subject to some
sanitary and administrative restrictions (Margalida et al. 2012).

The disposal of carcasses through removal and incineration is a costly endeav-
our. Morales-Reyes et al. (2015) estimated annual costs in the range of 50 million
USD in payouts to insurance companies, with over 77,000 metric tonnes of CO,
emitted into the atmosphere per year, and this attached solely to the transport of
carcasses, even prior to their actual disposal and incineration. In southern France,
Dupont et al. (2012) recently developed a model to assess the environmental and
economic consequences of two methods of carrion removal, by private companies
or by vultures. The model explored the risks and benefits associated with each
method, namely reducing monetary costs and carbon emissions associated with car-
cass disposal by vultures, but also recognizing that there remains a sanitary risk if
vultures fail to remove carrion efficiently (Dupont et al. 2012). The study found that
the best results were obtained by a compromise solution whereby both private com-
panies and vultures were used to dispose of carcasses. This strategy took into con-
sideration both the high economic costs of using private companies, and also the
temporal mismatch between livestock mortality and food requirements of vultures
(Dupont et al. 2012). The results of this study stress the need to involve multiple
stakeholders (e.g., farmers, wildlife managers, sanitary authorities, industrial com-
panies and governmental institutions) in decisions about carrion management to
maximize environmental and economic benefits (Dupont et al. 2012).

Improving Carrion Quantity and Quality
Through Feeding Stations

Vultures remain the most viable means of actively disposing of carrion, and it is due
to concerns over their often drastic population declines that feeding stations (e.g.,
vulture restaurants) continue to be the main conservation management strategy. As a
management tool, feeding stations are intended to supplement scarce food resources
(e.g., Wilbur et al. 1974; Piper et al. 1999; Garcia-Ripollés et al. 2004) and they are
increasingly used under the auspices of providing an alternative safe food supply that
is free from contaminants (e.g., Gilbert et al. 2007). Feeding stations have also been
used to increase the success of vulture reintroduction programs (e.g., Sarrazin et al.
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1994) and to facilitate the recolonization of abandoned breeding sites (Mundy et al.
1992). Whether using vultures to remove carrion or using carrion to augment the food
supply of vultures, managers must ensure that provision of this resource coincides
both with the geographic range and foraging predilections of the targeted scavengers.

Feeding stations have been in long-term use primarily in southern Africa, Spain,
France, Israel and the western US. The pros and cons of their use has been widely
debated (Fielding et al. 2014). Feeding stations provide threatened vultures with
food, facilitate the monitoring of tagged birds, provide eco-tourism opportunities,
and increase public awareness—among other benefits (Piper 2005; Anderson and
Anthony 2005). Despite this, feeding stations can also have a number of detrimental
and unintentional consequences (Piper 2004, 2005; Anderson and Anthony 2005).
Foremost among these are the attraction of mammalian scavengers to feeding sta-
tions that may contribute to the spread of disease (Moreno-Opo et al. 2012; Yarnell
et al. 2015), the possibility of increasing vulture mortality if carrion placed at feed-
ing stations is not free of contaminants such as barbiturates, lead or antiparasitics
used to treat livestock (Piper 2004; Mateo et al. 2015), and the role of provisioned
feeding on decreased vulture foraging ability and efficiency of ecosystem service
provision (Deygout et al. 2009). A recent review of the pros and cons of feeding sta-
tions gives this topic even greater consideration (Cortés-Avizanda et al. 2016).

Ideally, feeding stations have a net positive impact on threatened vulture popula-
tions, particularly if those populations are under severe and imminent threat. Four stud-
ies implicitly examined the effect of supplementary feeding on vulture survival (Piper
et al. 1999; Gilbert et al. 2007; Oro et al. 2008; Margalida 2010). In three of these
studies, results showed either increased survival in sub-adult birds (Piper et al. 1999),
or a delay in the extinction of populations under imminent threat due to poisoning
(Gilbert et al. 2007; Oro et al. 2008). The only exception was in the preliminary results
of Margalida (2010), which suggested that the breeding success of an obligate brood
reducer (the Bearded Vulture) were not improved through supplemental feeding.

The primary and unanimous factor in provisioning carrion at a feeding station is
careful, vigilant operation. Most of the detrimental consequences of feeding stations
can be eliminated or reduced through proper and continuous management (Moreno-
Opo et al. 2012, 2015). A well-managed feeding station can also enhance foraging
of threatened species by reducing competition from more abundant vulture species.
For example, Moreno-Opo et al. (2015) found that Bearded, Cinereous and Egyptian
vultures preferred when small parts of ungulates (e.g., sheep and goats) were pro-
vided in abundance and scattered, rather than having to tackle a carcass in its entirety.

Conclusions and Future Perspectives

The examples in this chapter clearly illustrate there is an urgent need to start manag-
ing carrion for the benefit of biodiversity and in recognition of the ecosystem services
provided by vultures. Globally, carrion has become a reservoir, even a conduit, for
residues of pharmaceutical drugs, pesticides and other poisons, and heavy metals such
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as lead. The consumption of carrion by predators and scavengers has given these tox-
ins a pathway to contaminate the larger food web. There are few populations of preda-
tors and scavengers worldwide that have not been affected by at least one or more of
these toxins emanating from carrion. Population-level effects as a result of consuming
contaminated carrion have been documented for many species of vultures, eagles, and
large mammalian predators. Most predators and scavengers occur at the top of the
food chain and are long-lived, which increases their vulnerability to bioaccumulation
and its sub-lethal effects. The abundance of these species is naturally limited and any
loss may constitute a significant reduction in local populations and impair the func-
tioning of ecosystems. For example, avian scavengers likely limit the transmission of
diseases at carcasses and recycle nutrients back into soils. Predators and scavengers
are also important cultural icons and vultures, for example, are crucial recyclers of the
dead within the Zoroastrian-practicing Parsi community of India.

Our goal has been to provide comprehensive information for managers and regu-
lators/policy-makers regarding the array of harmful compounds that may be present
in carrion, and that may compromise its quality and safety as a food resource for
scavengers. From a conservation perspective, it is catastrophically counter-
productive to draw in vulnerable scavenging species, especially vultures, only to
provide them with a tainted food source. Margalida et al. (2014b) have discussed
some of the inherent flaws in the current risk assessment process regarding the eval-
uation of potential toxicants, including loopholes that would enable known toxic
substances to be registered or to remain below the radar.

Given the need to ensure the overall safety of carcasses and be able to trace car-
rion/carcasses back to their source, it is concerning that very little of such data exists
(Mateo et al. 2015; Zorilla et al. 2018). Monitoring must be routinely conducted, on
aregion by region basis. We also believe that too many assumptions of compliance
are made, and that it must be regularly investigated and ascertained. For example,
when assessing potential sources of lead exposure and resultant stress markers in
Griffon Vultures, Espin et al. (2014) did not analyze the metal content of provi-
sioned pig carcasses, stating that “...the lead levels are expected to be low in the
carcass in accordance with legislation...”. Our concern about compliance, or lack
thereof, stems from studies where, for example, nearly 30% of the injection sites
sampled from animals rendered at a slaughterhouse in Belgium tested positive for a
veterinary product in excess of the established maximum residue limits safety
parameter, with roughly 7% containing residues of the NSAIDs flunixin, meloxi-
cam and tolfenamic acid (Van Hoof et al. 2004).

To ensure a scenario where scavengers no longer come into contact with con-
taminated carcasses, additional research (along the lines of Mateo et al. 2015;
Casas-Diaz et al. 2016) and educational outreach (e.g., SASOL feeding station
guidelines; Fig. 2) will be required. We encourage managers to seek out the exist-
ing literature, with emphasis on studies such as Hunt et al. (2006), which attempt
to quantify a known threat (in this case the number of lead shot fragments in
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OF SUPPLEMENTARY FEEDING
SITES FOR VULTURES

Fig. 2 The SASOL guide to the establishment and operation of supplementary feeding sites
for vultures, developed by the Endangered Wildlife Trust (EWT 2011) and other collaborators
(https://www.ewt.org.za/eBooks/booklets/Vulture % 20Restuarant%20booklet.pdf)
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different edible parts of carcass) and in so doing illustrate the fundamental ingre-
dients required to assess risk. Some studies have already established the presence
of residues in carcass components known to be favoured by scavenging species.
For example, since lamb’s feet represent one of the main food components pro-
vided at supplemental feeding stations for the imperilled Bearded Vulture, Mateo
et al. (2015) recovered a selection of these items from slaughter houses, feeding
stations and carcasses that would have been consumed in the wild, and found that
the topical antiparasitic agents (some having organophosphorus insecticides as
their active ingredient) used widely on sheep were present therein. Studies like
that conducted by Casas-Diaz et al. (2016) are invaluable in very clearly reporting
on presence of residues in provisioned carcasses and evidence of scavenger expo-
sure, contrasted against the actual implications of such exposure (e.g., too low to
be toxic but sufficiently chronic to result in antibiotic resistance). The authors also
highlighted a simple but fundamental principle, that “...wildlife should not have
access to food contaminated with pharmaceuticals” (Casas-Diaz et al. 2016).

For species whose populations are already fragile, we recommend scrutinizing
and following up on studies that have identified dietary predilections, to elucidate
potential sources of exposure at an even finer scale. Houston and Copsey’s (1994)
examination of bone digestion and intestinal morphology of the Bearded Vulture
provides a case in point. The authors found that, given the choice, individuals would
prefer bones over meat, and favour old, dried bones rather than fresh, presenting a
range of different exposure scenarios for exploration. Along similar lines, Bearded
Vultures might be facing incidental exposure to residues of veterinary drugs present
on the surface of sheep’s wool used to line nests (e.g., Richards et al. 2011a), and
coprophagues like the Egyptian Vulture may be encountering such residues in live-
stock dung. Additional possible routes for testing veterinary agent residues and
heavy metals include: retrieval of wool, hair, regurgitated pellets and bones from
vulture nests, and selective collection of livestock feces to either identify or rule out
the many potential sources of exposure in the wild (e.g., Richards et al. 2011a, b,
2014). Considered separately, incidental sources of exposure may seem of negligi-
ble concern. These should therefore be weighed together for each species to obtain
an overall comprehensive sense of risk—or lack thereof.

In terms of pesticides and other poisons in use, regulations regarding their acces-
sibility must be tightened, particularly in developing countries. Pesticides that have
been banned for use in the majority of developed countries (where, reprehensively,
their manufacture sometimes still remains legal) should also be banned in developing
countries. Law enforcement and judicial proceedings regarding the illegal use of poi-
sons needs to be strengthened, particularly in Africa (Ogada 2014). Conversely, harm-
ful residues need not have been introduced via illicit means, or with deliberate intent
to poison scavengers (e.g., poachers poisoning an elephant carcass to kill vultures). As
we have discussed, some deliberate poisoning is entirely legal and government sanc-
tioned (e.g., quelea culls). Residues of different veterinary agents (or, as evidence
continues to show, their equally toxic metabolites) can be present following various
therapeutic treatments, and not necessarily administered close to the time of death.
Likewise, lead ammunition remains a legal means for hunters to capture their quarry.
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It is imperative that managers and regulators think “outside the box™ whenever
possible and reach out to other concerned stakeholders for additional information
and insight. Conferring more closely with veterinarians, eco-toxicologists, conser-
vationists, wildlife agents and hunters (often one and the same) and policy-makers
would help bring to light outstanding factors and exposure sources within the imme-
diate environment that could be undermining the precautions being implemented to
ensure the safety of the carrion provided. In parallel, the tremendous value of the
complimentary carcass clean up and nutrient cycling performed by micro-scavengers
must be fully recognized and the potential repercussions of toxic compound resi-
dues in carcasses to these organisms has to be acknowledged and incorporated into
mitigative measures. As we continue to dispense toxins into the environment, just
like scavengers, we will eventually pay the ultimate price. The onus is on each and
every one of us to ensure the safest possible conditions under which nature can, very
simply, be allowed to do its job.

Acknowledgements SB thanks Dr. Todd Katzner for his helpful review. We appreciate all those
working to protect our vultures and scavengers, whether through research or careful
policy-making.
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Introduction

In aquatic ecosystem biological monitoring (biomonitoring), living organisms, pre-
dominantly benthic invertebrates or those invertebrates living in the benthos of fresh
and marine waters, have been used to determine the quality of the aquatic environ-
ment as well as the impact of disturbance or toxicants in such environments (Van
Urk et al. 1993; Maret et al. 2003; Rosenberg et al. 2008). Because terrestrial inver-
tebrates have evolved to feed on carrion as described in chapters “Invertebrate
Scavenging Communities” and “Carrion Decomposition”, there is a predictable
assemblage of taxa, whose community is associated with carrion that is intimately
tied to spatial and temporal constraints (Merritt and De Jong 2016). However, simi-
lar convergent evolutionarily patterns of aquatic organisms with carrion have not
been well studied, and therefore, aquatic (specifically freshwater) organisms offer
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up few indicators of comparable relationships as terrestrial carrion decomposers
(Merritt and Wallace 2010). For this reason, monitoring carrion in aquatic environ-
ments is much more complex than in terrestrial habitats.

The difficulties in using benthic organisms in the biomonitoring of carrion vary
from constraining factors such as accessibility to the carrion of interest and dealing
with abiotic features in these aqueous environs to study design and analysis
(Rosenberg and Resh 2001). For example, most carcasses are inaccessible except by
divers or remotely operated vehicles such as those used to study whale falls in deep
abyssal oceanic environments (Smith et al. 2002; Smith and Baco 2003). In deeper
waters there are considerably more safety issues associated with aquatic environs
which impact access; for example, depth and weather conditions impact diver safety
and equipment suitability. If divers are used, more than one diver is required as a
safety requirement and most access requires vessel time that greatly increases costs.
The variability of abiotic factors in both freshwater and marine environments such
as the dramatic changes in temperature, dissolved oxygen, pH, salinity gradients
between freshwater, estuarine and marine ecosystems, current and tidal strength,
pressure over just a few meters in deep water oceanic environs, play an important
role in carrion decomposition and the rate of decomposition (see chapter
“Invertebrate Scavenging Communities”), but also influence the dominant path-
ways of decomposition especially those mediated by biological mechanisms such as
with microbial, invertebrate and vertebrate decomposers of carrion (Merritt and
Wallace 2010; Wallace 2016). Therefore, in a traditional monitoring sense, physi-
cal/chemical monitoring of abiotic features such as temperature, current, pH and
salinity offer up instantaneous snapshots of the conditions existing where the car-
rion are found (Rosenberg et al. 2008). Whereas, the use of those organisms feeding
on carrion exposed to this abiotic variation provide temporal and spatial compo-
nents associated with carrion decomposition (Rosenberg et al. 2008; Wallace 2016).

Regarding study design and analysis, because the abiotic features mentioned
above can affect the distribution and abundance of microbial and invertebrate car-
rion decomposers, this interaction requires the need for ecological knowledge of all
species involved and judiciously considered in the empirical design in carrion moni-
toring studies (Rosenberg and Resh 2001). Cost can be prohibitive with regards to
quantitative aspects of sampling e.g., adequate replication and high sample sizes
required for statistical precision especially with molecular analyses of microbe
diversity on carrion and in the monitoring carrion in deep, abyssal environments in
oceans. These studies can also be time consuming as well (Rosenberg and Resh
2001). Taxonomic analyses of organisms colonizing carrion in both freshwater and
marine ecosystems can be difficult e.g., midges (Chironomidae) in freshwater, and
some species of amphipods (Amphipoda) in marine settings and microbial diversity
in both environments. Lastly, while there are many biotic and diversity indices
available for biomonitoring the water quality, to our knowledge, there are few if any
designed to evaluate carrion decomposition via organismal colonization. However,
the use of microbial diversity in such studies may provide datasets for which these
traditional metrics can be applied (Benbow et al. 2015).

A comprehensive review of the abiotic parameters within freshwater and marine
ecosystems and their use in water quality evaluations in these systems is presented
in Hauer and Lamberti (1996) and Twomey et al. (2009). While physical/chemical
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parameters and biological sampling are not mutually exclusive in the understanding
of carrion decomposition in aqueous environments, the focus of this chapter will be
on the methods used to sample or collect biological organisms associated with car-
rion decomposition in freshwater and marine ecosystems.

Freshwater

In manipulative studies where carrion or carcasses are placed in either lentic (ponds,
lakes) or lotic (streams, rivers) systems, it may be desired to understand the com-
plete picture of macroinvertebrate diversity in these systems for comparative pur-
poses to those that might be found on the carcass itself. With that goal in mind,
sampling freshwater organisms including plants, microbes and macroinvertebrates
associated with carrion is generally based on the habitat and community sampled;
however, the ultimate criterion for which sampling device is used depends on the
objectives of the study (Merritt et al. 2008). A thorough understanding of the habitat
to be sampled is necessary due to the non-random and clumped distribution patterns
of these organisms associated with microhabitat preferences, food etc. in freshwater
systems (Resh 1979). Whether the objectives of a particular carrion study are quali-
tative or quantitative plays a role in which sampling device is selected. A table list-
ing the sampling devices and applicable habitats is described in depth in Merritt
et al. (2008). A qualitative or semi quantitative approach (an approximate area that
is delineated) to sample the macroinvertebrates present in a system where carrion
remains might be studied in freshwater systems would include a kick net or seine
(Merritt et al. 2008). A kick seine would provide relative abundances of organisms
present in a specific area for comparative purposes to those found on carrion. If
sampling directly from carrion is desired in a manipulative fashion, carcasses, such
as stillborn pigs could be placed in cages and anchored to stream bottoms with rebar
as shown in Fig. 1. When cages are removed from the streams for invertebrate
removal, D-frame nets placed behind or on the downstream end of the cage can be
used to collect any macroinvertebrates lost or released from the carrion upon
removal (Fig. 1). There are numerous sampling devices for quantitative sampling of
freshwater streams e.g., Surber, T or Hess samplers that are described in Merritt
et al. (2008). Water depth and velocity will be determining factors on which device
is most appropriate.

Other approaches to study macroinvertebrate diversity on submerged carcasses
have involved the use of a specifically constructed sampling apparatus designed to
lift the carcass out of a lentic system such as a pond and allow manual removal of
invertebrates (Fig. 2).

Macroinvertebrate samples can be sorted using a number of procedures depend-
ing on the time and cost issues. There are a number of issues with these procedures
that may influence the quality of data obtained, for further elaboration, consult
Table 3G in Merritt et al. (2008). In terms of preserving freshwater macroinverte-
brates, current recommendations would depend on the objectives for the study. For
example, for simple macroinvertebrate taxonomic evaluation, 70-80% ethanol is
adequate (Merritt et al. 2008).
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Rebar

Water flow

Streambed Plastic tray

Fig. 1 Experimental cage design to study macroinvertebrate colonization on carrion and place-
ment of D-frame nets to collect aquatic organisms. Credits: the chapter authors

Fig. 2 A sampling unit
that holds the carcass in a
basket and allows for it to
be lifted from the water as
described by Vance et al.
(1995) (With Permission of
the American Academy of
Forensic Sciences as they
hold the copyright)

Water line

Although not generally considered, algae will colonize carrion as described in
several studies focused on forensic applications (Haefner et al. 2004; Zimmerman
and Wallace 2008). Because aquatic plants such as algae may utilize a carcass as
nutrients for growth, their order of appearance or biomass may influence faunal
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colonization of carrion remains in these environments (Keiper and Casamatta 2001).
Therefore, sampling techniques from carrion would be important in understanding
the role of algae in carrion decomposition. Using a similar design to Fig. 1, algal
samples can be collected for either qualitative (species composition) or quantitative
(biomass) analyses using a modified 2—syringe periphyton sampler as described by
Aloi (1990) (Fig. 3). Using a periphyton sampler, samples can be scraped from car-
rion as well as artificial tile substrates for comparison (Fig. 4). Chlorophyll a con-
centrations can be determined from scraped samples as described by Haefner et al.
(2004) to quantify the amount of algae on a carcass. Similarly, scraped samples can
be analyzed for algal diversity along a carrion decomposition gradient as described
by Zimmerman and Wallace (2008).

+— Scraping brush

<1l

Main syringe —
(60CC)

Plunger

Side syringe
(60CC)

]

Plexiglass base
(7.62cm x 7.62cm x 1.27cm)

Neoprene seal

Fig. 3 Algal sampler as described by Aloi (1990) and illustrated by Haefner et al. (2004) (With
Permission of the American Academy of Forensic Sciences as they hold the Copyright)

Fig. 4 Stillborn pig
carcass with algal sample
removed from the right
front leg using a
periphyton sampler (Photo
Credit: J. Wallace)
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Preservation techniques for algal samples vary according to study objectives.
Previous studies suggest that samples used for chlorophyll analyses should be stored
in a cool, dark environment post sampling in order to preserve chlorophyll for quanti-
fication (Haefner et al. 2004). If assessing algal diversity, samples should be stored in
a glass vial and preserved with concentrated HCI and Lugol’s solution and maintained
in the dark to avoid degradation of the solution (Zimmerman and Wallace 2008).

The application of microbial communities to track temporal aspects of carrion
decomposition has recently received increased attention (Benbow et al. 2015). The
use of metagenomic tools to characterize the epinecrotic bacterial communities on
vertebrate carrion in aquatic systems has allowed a more thorough treatise of the bac-
terial diversity present on carrion remains through decomposition (Benbow et al.
2015; Lang et al. 2016). These studies have employed similar carcass submersion
methods as described above by using stillborn pigs in cages. However, sampling the
epinecrotic habitats for microbes involves swabbing predetermined areas on pigs after
designated time periods. The swabbings are done with sterile swabs. After swabbing,
swabs are stored in a —20 °C freezer until ready for DNA extractions. DNA extraction
is accomplished using a combination of methods as described by Benbow et al.
(2015). The epinecrotic bacterial communities can either be characterized via pyrose-
quencing techniques (Benbow et al. 2015) or via ARISA techniques that generate a
unique “fingerprint” of the bacterial community (Fisher and Triplett 1999). This
method produces microbial community profiles that can be visualized with nonmetric
multidimensional scaling multivariate statistical analyses (Lang et al. 2016).

Marine

Carrion studies in the marine environment have primarily revolved around extremely
large carcasses such as those of whales which are natural to the marine environment
(either naturally discovered or artificially deployed) and much smaller carcasses,
deployed as human proxies, which are not natural to the environment. As the size
differences are so great between the two extremes, monitoring is quite different,
with larger carcasses taking decades to completely break down (Smith and Baco
2003) and human proxies taking only days or weeks to skeletonization (Anderson
and Bell 2014, 2016). Much of the data collected in the ocean are photographic,
with sometimes limited physical sampling. Most studies involve either observations
made from a submersible vehicle or from a baited camera.

Early whale falls were serendipitous discoveries of natural deaths in various
stages of decomposition, with the exact time of death unknown. In the last few
years, naturally deceased whale carcasses have been deliberately deployed and
observed over time. In such studies, the usual method for monitoring is to use
manned or remotely operated underwater vehicles (ROV) (Smith et al. 2002) or
towed cameras (Smith et al. 2014) to view, record and sample the carcass and water
conditions on infrequent occasions. Most data are recorded photographically, but,
depending on the submersible used, bones and fauna can also be sampled using the



Methods for Monitoring Carrion Decomposition in Aquatic Environments 249

submersibles manipulators and sweep nets (Bennett et al. 1994). Due to the prohibi-
tive costs, most whale falls are sampled only once (Bennett et al. 1994) or over a
lengthy time series (Smith and Baco 2003) with a great deal of data being collected
over very short periods in single dives over several years.

Baited cameras and traps are frequently used to record the presence and changes
in opportunistic scavengers over a range of habitats and depths. Many such studies
use a small fish or meat bait placed in front of a time-lapse submersible camera situ-
ated on an autonomous lander frame, and are usually monitored over a short time
frame of one to two days, as the bait is rapidly consumed (Jones et al. 2003). Such
experiments can be conducted over a large range of depths and provide data on
changes in the necrophagous fauna that can be expected to scavenge fresh bait in
various habitats and depths. Most fauna are identified visually but baited funnel
traps can also be used (Janssen et al. 2000).

Baited cameras have also been used to study larger baits over longer time frames.
Dolphin and porpoise carcasses have been monitored under baited cameras supple-
mented with baited funnel traps over a period of up to two weeks followed by car-
cass recovery using a box trap that closed over the carcass to bring the entire carcass
to the surface for further study (Jones et al. 1998). In most circumstances, abiotic
data can only be recorded at certain points or has not been recorded at all.

Ideally, monitoring of carcasses should include regular and frequent observations
together with frequent recording of all abiotic parameters. The Victoria Experimental
Network under Sea (VENUS) observatory (Ocean Networks Canada) is an elabo-
rate cabled underwater laboratory in the Salish Sea, on the west coast of Canada and
the US (http://dmas.uvic.ca/). High-speed, real-time data are provided from more
than 50 oceanographic instruments gathering acoustic, physical, chemical and pho-
tographic data simultaneously. The instruments are connected via fibre optic cables
to a science instrument interface module and then to the Node, a power and com-
munication hub, which connects to a station on shore, which links to the University
of Victoria. At the University, DMAS, a data managing and archiving system,
receives and processes the data, allowing researchers to access their data via the
internet (http://dmas.uvic.ca/). VENUS provides researchers with an ideal environ-
ment in which to study the ocean, including carrion, and a number of pig carcasses
have been deployed in several habitats, seasons and depths since 2006 (Anderson
and Bell 2014, 2016). Such deployments attract not only invertebrates but also large
vertebrates such as sharks (Fallows et al. 2013), which can destroy the experiment.
When invertebrates are the target, it is necessary to use a cage system to protect the
carcasses from shark removal but allow full access for invertebrates (Fig. 5).

In these studies a camera platform was deployed by an ROV, under which pig
carcasses were placed. The camera, originally an Olympus C8080, 8 mp, later
replaced by a digital webcam, recorded a scan of the carcasses every 15 min, for
2 min, during which time a range of lights were turned on, then off to reduce light
pollution. All carrion fauna and decompositional changes were recorded visually, as
once placed, there was no further direct contact until recovery. Instruments recording
abiotic factors were placed, ideally, on the camera platform, and also on an instru-
ment panel ~100 m from the carcasses. Instruments recorded dissolved oxygen,
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Fig. 5 Twenty-four kg pig
carcass at a depth of 300 m
in the Strait of Georgia,
hours after placement,
caged to prevent shark
access. Sixgill shark
(Hexanchus griseus
(Bonneterre)) swimming
over the carcass (Photo
credits: Ocean Networks
Canada VENUS
Observatory)

Fig. 6 Two twenty-four kg
pig carcasses placed under
a digital webcam on a
platform and being
lowered into the ocean
from a research vessel.
Instruments measuring
abiotic parameters are
mounted on the camera
platform. Photo by G. S.
Anderson. (Equipment
Ocean Networks Canada,
VENUS Observatory)

G. S. Anderson and J. R. Wallace

temperature, salinity, density, turbidity, conductivity and pressure at per second
intervals (Fig. 6). This allowed abiotic parameters to be linked to changes in faunal
scavenging. This, however, is an ideal arrangement and is rarely available. The only
disadvantage is the lack of ability to sample fauna except when the carcasses are
recovered, six months after deployment (http://dmas.uvic.ca/).
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In shallower waters, it is possible to deploy divers to observe and sample carrion
directly or bring a carcass to the surface for brief examination (Anderson 2010) but
this limits the depth and habitats that can be studied.

Although most carrion research in the ocean relates to whale falls or human
proxies, recently other carrion types have been explored including natural jellyfish
die-offs. Most falls have so far been monitored by cameras towed behind a vessel
withsome core sampling (Billettetal. 2006) or baited cameras (Sweetmanetal.2014).
In a review of jelly-fall observations, Lebrato et al. (2012) recommend several
future sampling and monitoring techniques. Regional (large scale studies) methods
recommended include Deep ocean observatory networks and collaborations with
industry, such as off-shore oil and gas, to locate and monitor jelly-falls whereas,
ROVs, towed cameras, time lapse cameras, fishery trawlers and tagging individuals
acoustically were recommended for medium scale studies with sediment traps,
water column profilers and sediment sampling for genetic profiling recommended
for small scale studies (Lebrato et al. 2012).

Conclusions and Future Perspectives

Overall, there are many techniques available for studying aquatic carrion ecology,
although the techniques employed vary depending on the research question and
desired data. Studying carrion in aquatic environs is much more demanding than on
land and involves unique challenges. There are many limitations and deficits in our
empirical knowledge of carrion decomposition in freshwater systems. For example,
carcasses are difficult to access and observe without anthropogenic disturbance due
to proximity of human recreational activity. In some cases, permits may be required
thereby slowing or prohibiting natural experiments. Manipulative empirical studies
are lacking in deep freshwater lakes and estuarine systems and need to be addressed
to understand carrion ecology in one of the most productive ecosystems on the
planet. The advent of unique underwater laboratories such as Ocean Networks
Canada’s VENUS Observatory used in oceanic systems may be of some use in deep
freshwater lakes.

In marine systems, physical aspects of oceanic systems may deter or make dif-
ficult the studying of carrion decomposition. For example, greater depths, tides,
currents and distance from shore create increased safety concerns for researchers,
and greatly increase costs. The cabled underwater laboratory, Ocean Networks
Canada’s VENUS Observatory, offers tremendous opportunities for researchers
and, as almost all work, except deployment and recovery, are remote, removes the
normal safety concerns. As well, it allows the possibility of continuously observable
experiments at great depths and challenging environments not previously studied.
Unfortunately, this facility has not yet been duplicated elsewhere in the world.
Underwater carrion ecology is an area little studied and much more research needs
to be carried out. Underwater cabled laboratories such as VENUS should be estab-
lished and supported in other areas of the globe.
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Introduction

Studying carrion ecology and their importance in the ecosystem is difficult in the
field, because carrions presence is usually unpredictable in time and space.
Moreover, carrion is a pulsed resource that can be quite ephemeral in the ecosys-
tems as they are usually rapidly eliminated by scavengers. Therefore, studying scav-
engers’ movement ecology can help to a better understanding of the scavenging-related
patterns and processes. The role of vultures in the ecosystems are of prime impor-
tance because they are the most specialized terrestrial vertebrate scavengers (Ruxton
and Houston 2004) and they are highly skilled movers able to transport scavenging
services over large areas (DeVault et al. 2016). In this chapter we will focus on the
methods to study vulture movement ecology, and review recent results about their
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foraging ecology and movements. Tracking vultures can help identifying mortality
of them as well as of both wild and domesticated ungulates. Thus, tracking scaven-
gers can be highly important in the context of global environmental change for
detecting alterations in the ecosystems derived from changes in the carrion
availability.

Trapping Vultures

Trapping vultures is generally not an easy task and must be performed profession-
ally in order to minimize the possibility of injury or stress to birds. When planning
trapping efforts, the time of day, season (breeding status of the birds), weather,
number of birds to be captured, staff required, and the possibility of predation
should be taken into account (Bird and Bildstein 2007).

It is possible to mark chicks at nest but climbing skills and gear are required.
Furthermore, a detailed nest monitoring, from hatching date, is crucial because
early arrival to the nest will prevent deployment of tagging equipment as it may
affect body growth, whereas delayed arrival to the nest may entail premature fledg-
ing (and death).

After fledging, the most common methods are based on attracting vultures to a
food source as bait to catch them on the ground (Fig. 1). There are several alterna-
tives, most described in details by Bloom et al. (2007), and summarized in Table 1.
According to the review detailed in Table 1, the most common method of capture
was walk-in traps (10 studies), followed by leg-hold traps, projected-nets and nest-
ling (4 studies each) and rehabilitated birds (2).

Tagging and Tracking Vultures

The possibilities to tag vultures are diverse and so are the costs and the potential
output for management and research (Fig. 2). Darvic rings (numbered plastic rings)
are good for mass tagging and allow long distance observation, typically up to
400 m on large vultures (even 700 m for color-ring codes). However because they
might be broken or lost (Mihoub et al. 2013), they must be complemented by metal
rings that would allow a re-identification of bird if recaptured. In addition, leg rings
are not suitable for Cathartidae due to their habit to defecate on their legs, presum-
ably for thermoregulation (Houston 1994). Wing tags (also called “patagial tags”)
enhance resighting of birds at long distance and in flight (Wallace et al. 1980;
Reading et al. 2014). However, it must be reminded that the impact of wing tags on
bird flight (by increasing drag) has never been properly investigated in large soaring
raptors (Trefry et al. 2013). Radio Frequency Identification Tags (RFID) allow
detection (presence-absence) by passive tags at focal sites (Bonter and Bridge
2011). RFID can be either passive and provide presence data at short distances (up
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Fig. 1 Four different systems of traps for capturing vultures: (a) Walk-in trap in an aviary (active
because an observer is hidden nearby to trigger the sliding door, France; Photo credit O.Duriez);
(b) Cage trap (passive because vultures fall into the cage through openings in the roof, Israel,
Photo credit I. Shaked); (¢) leg-hold trap (here more specifically Phai traps as noose surrounding a
bait; the rope linking the nooses is hidden under the snow or ground; France, Photo credit
O. Duriez); (d) Californian condor chick equipped at the nest with GPS tag embedded in patagial
tag (photo courtesy of Joseph Brandt, USFWS California Condor Recovery Program)

to 0.5 m), or active (powered by batteries) and detected at longer distance (up to
100 m). If base stations are deployed in advance around carrions, data collected can
provide information of arrival time, duration of stay and departure time.

Several techniques can be used to track vultures and we review here only the
methods useful to study vulture foraging ecology. For foraging studies, we advise to
use interval <10 min between consecutive positions because vultures can cover sev-
eral km in a few minutes (see below) and sometimes can spend <15 min to land,
feed and take off (Harel et al. 2016a; Monsarrat et al. 2013). VHF radio-tracking
should not be advised nowadays for foraging studies because of its low precision
and relative inefficiency (as flying vultures move much faster than land-based
observers) despite intense fieldwork requirement (observers need to follow each
bird and manually find its position by triangulation). Satellite telemetry using Argos
transmitters provide geographic positions anywhere in the world but are not
recommended for detailed foraging studies, due to low precision (typically >1 km)
and time interval between positions often >1 h. GPS tracking is the most widely
used system nowadays which allows precise tracking (typically <100 m error) at
short time interval. Solar powered devices are preferred for multi-annual studies
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Table 1 Summary of methods used to trap vultures, with main advantages and disadvantages

Trapping
methods Use Advantage Disadvantage Source
Walk-in cage | Mass Easy to handle, | Time consuming as | Bloom et al. (2007), Barber
trap (active) | capturing | safe for the triggered by and Bildstein (2011), Avery
vultures observers et al. (2011), Dodge et al.
(2014), Harel et al. (2016a),
Monsarrat et al. (2013),
Garcia-Ripolles et al.
(2011), Phipps et al.
(2013a), Bamford et al.
(2007), Kane et al. (2016),
Vasilakis et al. (2016)
“Fall-in” cage | Mass Easy to handle, | May be hard to Iezekiel et al. (2003), Harel
trap (passive) |capturing | safe for the attract vultures, not | et al. (2016a)
vultures, efficient where
passive food is available in
trapping large quantities
(vultures enter
in “their free
time”)
Cannon/ Mass Highly Projectiles can Bamford et al. (2009),
rocket- capturing | efficient, rarely hurt or kill Lambertucci et al. (2014),
projected/ selective birds, stressful, big | Gil et al. (2014), Carrete
pneumatic- (triggered by team to handle, et al. (2013), Lopez-Lopez
nets observer) handling explosives | et al. (2014)
may be
complicated
Leg-hold For single | Simple, small | Non species Bloom et al. (2007), Dodge
traps birds/small | team required | selective, need et al. (2014), Urios et al.
(“padded numbers constant presence | (2010), Spiegel et al.
jaws”)/mooses (2013a)
carpets/Phai
traps
Pit trap For single | Can be Time consuming Reid et al. (2015)
birds performed by
(bearded only one person
vultures,
condors)

Credit: the chapter authors

(the longest tracking duration in France and in Israel was 5 years; Duriez and
Hatzofe, unpublished). GPS transmitters usually store data on-board but several
companies have developed systems to remotely download data using a radio-link,
GSM or satellite transmission.

Tracking devices should be placed near the center of gravity on the bird’s back.
The common attachment method includes a Teflon ribbon harness which is robust
and non-abrasive for skin. Some elasticity can be added by inserting a silicon tube
inside the ribbon. Back-pack and body harness are efficient methods of attachment,
but there is a risk of entanglement of the bird if one string is broken (Bogel et al.
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Fig. 2 Eurasian griffon vultures Gyps fulvus carrying a GPS tag, (top) attached by a back-pack
harness in silicon threaded Teflon ribbon (photo by 1. Shaked); and (bottom) attached by a leg-loop
harness (photo by O. Duriez). The position of both tags is located close to the bird’s center of grav-
ity. For long-distance visual identification, these birds are also marked with wing tags (top) and
with a darvic coded ring (bottom)

2000). Leg-loop harness (Rappole and Tipton 1991) is fast and easy to fit, secure for
the birds (as it prevents entanglement when broken), but power charging can
sometimes be made more difficult because solar panels can be covered by wings
when vultures are perched (Duriez unpublished). In condors telemetry devices have
been mounted on wing-tag (Wallace et al. 1980), but this method is questionable
because it adds weight on a sensitive place of the wing and can potentially change
lift or drag forces.
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Additional sensors coupled with the GPS transmitter can enhance the information
collected on the behavior of individuals. Accelerometers are useful to estimate body
posture and movements, and ultimately feeding behavior and thus determining the
location of carrions found and eaten by vultures (Spiegel et al. 2013b; Nathan et al.
2012). Magnetometer data can provide additional data on body position and help in
discriminating between different behaviors (Williams et al. 2017). In the near future,
we believe that cameras can be deployed also on vultures’ back to collect data on social
behavior around carrions, as done on seabirds (Tremblay et al. 2014), however this
technique is currently limited by the technical difficulty to download large amount of
image data remotely without recapturing the bird. Nowadays the use of cameras is
limited to the ground, with camera traps that can record attendance of scavengers (obli-
gate and facultative) around carrions and help population monitoring by reading rings
(Mateo-Tomas et al. 2017; Wilson 2015; Moreno-Opo et al. 2015; Ogada et al. 2012).

How Carrion Affect Foraging Movement of Vultures?

A main research question concerning the study of vulture movements in space and
time is “how vultures make use of unpredictable food like carrions, and how does
this affect their foraging strategies depending on the environmental context?”

We reviewed 39 studies published between 2007 and 2018 about vulture foraging
movements using telemetry (Table 2), excluding studies about migration, disper-
sal or demography. 34 studies (87%) used GPS tracking devices and the 5 others
used combinations of Argos or VHF telemetry units. 31 studies (79%) concerned
Old-World vultures (family Accipitridae) and 8 concerned New-World vultures
(family Cathartidae). Studies on Old-World vultures concerned 9 species out of 16
described (56%) and studies on Cathartidae concerned 4 species out of 7 described
(57%). The 10 species where no data on foraging movements has been published
(thus absent from Table 2) are Gypohierax angolensis, Gyps indicus, G. ruppellii, G.
tenuirostris, Necrosyrtes monachus, Sarcogyps calvus, Trigonoceps occipitalis, and
Cathartes burrovianus, C. melambrotus, Sarcoramphus papa. From a biogeographi-
cal perspective, while all species from Palearctic and Nearctic have been studied (at
least once), only half of the species from Afrotropical and Neotropical regions have
been studied and only one species from the Indo-Malayan region (Fig. 3). A similar
pattern can be found regarding the main habitat, where all species from temperate-
mountainous habitat have been studied, half of species from arid-Savanna habitats
have been studied and only one species from tropical forest (Fig. 3). There are stud-
ies from all IUCN Red-list groups, however only a third of the species listed as
Critically Endangered have been studied, as well as 42% of Least-Concerned spe-
cies (Fig. 3). Finally, most studies concerned species displaying social behaviors
for nesting or feeding, and few studies concerned territorial species (the notable
exceptions being the bearded, lappet-faced and Egyptian vultures).

Therefore, our review points a lack of studies of vultures from the tropics, where
vulture communities are (or were) the most abundant and diverse. This sample is
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therefore biased taxonomically, geographically and behaviorally and our knowl-
edge of vulture movements mostly represents the behavior of social species in tem-
perate mountains or arid areas (savannas or deserts).

With the aim to compare foraging movement behaviors from various species and
derive general patterns, we reported in Table 2 the most widely computed parame-
ters: the radius of displacement from central place, the daily distance travelled and
home range size.

The radius of displacement from central place (roost or nest) has been reported
in 9 studies only, however it is probably the most repeatable metric because it is less
dependent of technology and sampling rate. Yet, caution is needed in interpretation
because some studies measured the daily maximal distance from central place while
other measured the mean radius of feeding event from the central place (e.g. even
possible to compute from pellet analyses in which ear-tags of livestock can be
found; (Moreno-Opo et al. 2011). As expected, the foraging radius is shorter in ter-
ritorial species than in social species, among which it varies between c. 30 km in
European vultures and c. 50 km in African species (Table 2).

The daily distance travelled per day has been computed in 13 studies. It varies
between 5 km day~' in A. monachus juvenile birds in Caucasus before migration
(Yamag and Bilgin 2012) and 160 km day~' in G. fulvus in Israel (Harel et al. 2016a).
However the value reported is highly dependent on the interval between fixes, as
illustrated in Israel in G. fulvus at the same time of year, with values of 90 km day~!
when recording at interval of 10 min and 160 km day~' when recording at interval
of 1 s (Harel et al. 2016a). Such difference is due to the high flight speed of vultures
(mean “cross-country” speed ranging 2040 km h~!, combining vertical soaring
phases and horizontal gliding phases, but instantaneous ground speed >50 km h7';
(Pennycuick 1972)): at interval of 1 h between fixes, two fixes could be spaced of a
few km while the bird could have travelled in reality several tens of km in one direc-
tion and be back on its sinuous path. At interval shorter than 5 s, the soaring circles
become visible and further increase the distance covered (Harel et al. 2016a; Treep
et al. 2016). When considering only studies with interval between fixes 1-10 min,
the mean daily distances varied between 90 km (G. fulvus in France and Israel) and
120 km (G. africanus and T. tracheliotus in Namibia) (Harel et al. 2016a; Spiegel
et al. 2013a). When considering only studies with interval between fixes around 1 h,
the mean daily distances varied between 5 and 66 km, with an average at
34.9 + 21.6 km. This range of values between 30 and 60 km day~' are remarkably
similar for C. aura in the Americas, G. africanus in Africa and G. fulvus in Europe.

The home range is defined as the area in which an animal lives and moves on a
periodic basis. The simplest method uses Minimum Convex Polygon (MCP) to
delineate all recorded positions of an animal, although it is well known to greatly
overestimate home range size. More recent methods use kernel density methods to
estimate Utilization Distributions (UD) as the probability that an animal has to be in
each cell of its home range (Worton 1989). When positions are supposed to be inde-
pendent (i.e. collected at large interval of time) it is possible to use fixed-kernel
method, while movement-based kernels are advised when data are collected at short
time intervals (Benhamou and Cornélis 2010). Home range methods have been the
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most popular methods to describe vultures’ space use since it was used in 46 sub-
populations or seasons and in 31 studies. However inter specific and intra-specific
comparisons are made difficult because of the heterogeneity of methods, and within
a method, the researcher’s decision to use a probability threshold of 99%, 95% or
90% to define his home range (Table 2). When considering only studies using the
most popular 95% kernel estimators, individual home range sizes of vultures varied
tremendously between 11 km? and 334,923 km?, with amean of 42,680 + 105,244 km?.
The smallest home ranges (<100 km?) belonged to the two New-World species C.
aura and C. atratus, while the largest home ranges, >10,000 km?, all belonged to
species in Africa: G. africanus, N. percnopterus and G. barbatus. The season often
played a role in home range size, but there was no clear general trend. In temperate
and sedentary species, like G. fulvus, G. coprotheres or C. atratus, home ranges
tended to be larger in summer than in winter, when flight is more constrained by
adverse aerological conditions (Kane et al. 2016; Avery et al. 2011; Monsarrat et al.
2013). In migratory species like N. percnopterus, home ranges were smaller in
breeding season in temperate summer than in tropical winter, where movements are
not constrained by returning to a nest (Carrete et al. 2013; Lopez-Lopez et al. 2014).
However the opposite pattern was found in the long-distance migrant C. aura (Dodge
et al. 2014). The status or age of the birds also played a role, with breeding adults
tending to have smaller home ranges than non-breeding adults or immature birds.
Foraging activity of avian scavengers may serve as an estimator for carrion dis-
tribution (Fig. 4). When searching for food, avian scavengers may follow specific
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Fig. 4 Space-use patterns of griffon vultures Gyps fulvus in Israel as an estimator for carrion dis-
tribution patterns. (a) The spatial utilization distribution of foraging flights of GPS-tracked vul-
tures may serve as a proxy for the area scanned by scavengers, while (b) feeding events (classified
by accelerometry and movement data) represent the actual use of carrions available in the region.
Colors in both panels represent the proportion of visits in a 2 x 2 km cell grid over the study period.
Black dots in panel (b) represent active feeding stations. Credit: the chapter authors
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land cover features, which are correlated with the presence of carrions (Houston
1974; Monsarrat et al. 2013) and may be limited by other factors, such as the roost
site locations. However, within a suitable habitat, vultures may search in a random
manner for food resources, or using their personal knowledge of the most likely
places to find carrion (Kendall et al. 2014; Fluhr et al. 2017). To locate carrions,
most vultures also use information retrieved from conspecifics (Houston 1974) or
from other species (Kane et al. 2014; Spiegel et al. 2013a). Some gregarious species
may use communal roosts as information centers to follow specifically the individu-
als that have been successful in foraging the previous day, probably using the state
of the crop (extended) as proxy (Buckley 1996; Harel et al. 2017). Therefore, in
order to establish the link between scavenger movements and the actual carrion
distribution, the composition of foraging groups should be taken into account.
Nevertheless, competition, diet preferences, human disturbance, topography and
land cover may affect scavengers access to carrions and is expected to cause mis-
matches between the observed feeding behavior and the actual carrion distribution.
Few modeling studies have compared the importance of self and social-information
for vultures’ foraging efficiency and population persistence (Jackson et al. 2008;
Deygout et al. 2009, 2010; Cortes-Avizanda et al. 2014). They suggested that acute
reduction in population densities of avian scavengers may impair their foraging
efficiency. Such models could be developed to predict the actual effect that avian
scavengers can have on carrion distribution, but should incorporate individual char-
acteristics, such as fasting period (Spiegel et al. 2013b), dominance hierarchies
within species (Bose et al. 2012) and between species (Houston 1975; Moreno-Opo
et al. 2016; Sebastidn-Gonzdlez et al. 2016), and different scenarios of population
or community densities (Dupont et al. 2011).

Conclusions and Future Perspectives

In conclusion it is still premature to derive general conclusions about vulture forag-
ing movements in space, partly due to the different methods used for tracking and
estimating movement metrics, but also due to large differences in ecology and habi-
tat of vulture species around the world. The only general conclusion possible to say
so far is that vultures are able to cover large distances of tens of km per day, in
search of carrions, over very large areas, and thus can extend scavenging services
well beyond reach of their colonies. But we still lack data on many species, particu-
larly from the tropics. However, the methods to catch vultures are plentiful and the
development of GPS technology and remote download of data offers avenues for
promising future research about the spatial use of carrions by specialized
scavengers.

More practically, to improve intra-specific and inter-specific comparisons, we
encourage researchers to standardize their methods. The most important would be
to homogenize the statistical methods to describe space use, and systematically
report for each individual or each group the daily maximal displacement (which is
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the less biased metric), daily travelled distance and 95% kernel UD. To study fine
details about foraging behavior, vulture biologists must aim at collecting tracking
data at intervals <5 min (Fluhr et al. 2017). Regarding the choice of loggers, the
GPS system with automatic download with GSM network is by far the most accu-
rate and cheaper. The most recent GPS devices, powered by solar panels over sev-
eral years, allow recording GPS positions at intervals <5 min, and including burst of
high resolutions recording 1 position per second, where it becomes easy to distin-
guish fine behavioral details (Harel et al. 2016a, b; Sherub et al. 2016). Two addi-
tional features can be very useful to study vulture feeding behavior if integrated into
the device. The accelerometer can record body posture and movements associated
with feeding events, and eventually can be used as a proxy of energy expenditure
(Nathan et al. 2012; Spiegel et al. 2013b; Duriez et al. 2014). The possibility to
define a “GPS fence” around areas of interest (like feeding stations, or wind farms)
can allow to use special settings to be applied (like high resolution GPs recording),
to better understand vulture behavior in these areas.
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Main Conclusions

Carrion, dead animal matter, is a high-quality ephemeral resource present in all eco-
systems, from arctic to tropical biomes in terrestrial and aquatic (freshwater and
marine) environments (Fig. 1). Hundreds to thousands of invertebrates and vertebrates
species are estimated to be facultative scavengers, i.e. consuming carrion opportunis-
tically, yet a minority of them (<1%) have adapted to exclusively feed on this trophic
resource (i.e. obligate scavengers). Carrion underpins therefore a rich food web com-
prised of microbial, arthropod and vertebrate taxa; a necrobiome that is responsible
for the decomposition of carrion (Benbow et al. 2013). Carrion decomposition is a key
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ecological process for ecosystem functioning, related to the recycling of energy and
nutrients, and scavenging—i.e. the consumption of carrion by scavengers — plays a
crucial role in this process (chapters “Carrion Decomposition” and “Ecological
Functions of Vertebrate Scavenging”; Barton et al. 2013). Carcass characteristics (e.g.
size) and the biotic (e.g. habitat) and abiotic (e.g. temperature, moisture) environment
act as moderators of the process of carrion decomposition, which differs between ter-
restrial systems and aquatic environments (Beasley et al. 2012; chapters “Carrion
Decomposition” and “Ecological Functions of Vertebrate Scavenging”)

Scavenging plays an important role in structuring food webs (Wilson and
Wolkovich 2011; chapter “Ecological Functions of Vertebrate Scavenging”).
Scavengers feeding at carcasses can form structured assemblages that are driven by
ecological succession processes in invertebrates and the creation of nested networks
in vertebrates (chapters “Invertebrate Scavenging Communities” and “Vertebrate
Scavenging Communities”). These feeding relationships involving animal carcasses
increase complexity and stability of food webs (chapter “Ecological Functions of
Vertebrate Scavenging”).

Carcasses represent hotspots of biological diversity. The inter- and intraspecific
interactions (e.g. facilitation, competition) that occur at carrion among species and
between kingdoms (microbe-animal) drive key ecosystem functions such as biodi-
versity maintenance and nutrient recycling. Coexistence of species sharing the same
carrion underpins biodiversity through facilitation processes and resource partition
among species (e.g. species utilizing different parts within a carcass or carcasses of
different sizes). The relationships between diversity of scavengers and ecosystem
functioning (carrion decomposition, nutrients recycling) provides in turn important
benefits for human societies, i.e. ecosystem services, such as carcass disposal and
disease control (chapter “Ecological Functions of Vertebrate Scavenging”).

Humans have shifted from carrion consumers to carrion suppliers, and thus the
relationship of humans and wild scavengers has changed from competition or pre-
dation to mutualism and commensalism (Gangoso et al. 2013, chapter “Human-
Mediated Carrion: Effects on Ecological Processes”). Humans are increasingly
becoming a fundamental piece in carrion ecology due to the growing presence of
human-mediated carrion in natural ecosystems worldwide (Oré et al. 2013). The
ubiquity of dead livestock, hunting remains or fisheries discards on Earth ecosys-
tems not only alters the spatiotemporal distribution and quality of carrion, but also
have consequences for biodiversity maintenance, ecosystem functioning and human
well-being (chapter “Human-Mediated Carrion: Effects on Ecological Processes”).
Human-mediated carrion has also become a reservoir for toxic residues such as
pharmaceutical drugs, lead and pesticides, and thus scavenging this contaminated
carrion is likely to propagate the toxics across food webs (chapter “What Makes
Carrion Unsafe for Scavengers? Considerations for Appropriate Regulatory Policies
and Sound Management Practices”; Figs. 1 and 2). The sustainable management of
human-mediated carrion emerges therefore as a pressing issue. To be effective, this
management should be science-based, i.e. grounded on the best available knowl-
edge on carrion ecology. Nevertheless, effective carrion management demands also
additional knowledge to fill major gaps that still exist regarding not only the conser-



278 P. P. Olea et al.

Fig. 2 Illegal poisoning
threatens biodiversity
worldwide, and especially
obligate scavengers such as
vultures and condors; 34
Andean condors Vultur
gryphus were killed with a
single Carbofuran-baited
sheep carcass set out by
ranchers to combat
mammalian predators in
Argentina in January 2018
(Alarc6n and Lambertucci
2018). Credit: Eva Lépez
Garcia

vation of biodiversity and ecosystems, but also a better understanding on key eco-
logical functions and services such as carrion decomposition, nutrient recycling or
disease control. This knowledge will help to face major drivers of global change that
are expected to exert a noticeable impact on carrion ecology, such as land use inten-
sification and degradation, climate change or invasive species.

Under the current scenario of global environmental change, a sharply growing
human population demands more food and also generate more waste, including
enormous amounts of carrion into ecosystems. We are now starting to assess how
these subsidized ecosystems absorb the inputs of human-mediated carrion and the
ecological consequences from populations and species to communities and ecosys-
tems (chapters “Human-Mediated Carrion: Effects on Ecological Processes” and
“What Makes Carrion Unsafe for Scavengers? Considerations for Appropriate
Regulatory Policies and Sound Management Practices”; Oro et al. 2013). However,
this issue remains still poorly understood.
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What’s Next?

Besides providing an updated summary of current knowledge on the topic, the
authors of this book identify some “hot topics” that research in carrion ecology
should try to answer in the next decades.

Despite the observed increase in scientific research on carrion and scavenging
during the last decades, the relative importance of this field within the environmen-
tal and biological sciences remains constant (Fig. 1.4) and far below the figures
reached by other topics in ecology and conservation (e.g. predation; see chapter
“Introduction to the Topic of Carrion Ecology and Management”). Therefore most
authors in this book highlight several major knowledge gaps still existing in carrion
ecology, identifying some key questions to be answered by researchers in the disci-
pline in the near future.

Data on scavenger assemblages and scavenging dynamics are still lacking in
many ecosystems around the world. Authors in this book provide specific recom-
mendations in relation to the research of scavenging communities particularly in
island, arctic, tropical, and aquatic ecosystems, as well as in the marine-terrestrial
interface (see chapters “Carrion Availability in Space and Time” and “Ecological
Functions of Vertebrate Scavenging”). The role of carrion in supporting ecological
processes across levels of organization (from individuals to ecosystems) remains
still understudied. Further attention is demanded too for the intra- and inter-specific
interactions occurring at carrion, highlighting interesting topics such as the
microorganism-invertebrate dynamics (see chapter “Carrion Decomposition™).

The great potential of new technologies for broadening knowledge on carrion
ecology and supporting the effective management of carrion and carrion-eaters is
also recognized by several authors in this book (e.g. chapters “Invertebrate
Scavenging Communities” and “Carrion Decomposition”). In fact, the methodolog-
ical section provides some examples of how different technologies (e.g. GPS track-
ing, underwater laboratories) can be used to support research on the topic.
Underwater cabled laboratories such as Ocean Networks Canada’s VENUS
Observatory has demonstrated high usefulness for studying carrion ecology in chal-
lenging environments such as marine waters (Fig. 1).

A better quantification of the spatiotemporal availability of carrion is a major topic
to deal with, as it would lead to a better understanding of scavenging dynamics.

The more explicit use of experimental approaches is also remarked to better
assess ecological theories regarding the impact of different drivers of global change
on carrion ecology (see above). Disease dynamics at carrion are an emerging issue
with important questions to be addressed (e.g. from the use of carrion by scavengers
and the subsequent exposure to different diseases to the role of human related fac-
tors in such disease dynamics; see chapter “The Role of Scavenging in Disease
Dynamics”). It is needed to know the role that scavengers play in the control and
dissemination of disease (Fig. 1).

A major claim of several authors in this book asks for developing and strengthening
interdisciplinary collaboration among professionals from the different scientific disci-
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plines involved in the study of carrion and its consumption. Further insight into carrion
ecology is expected to result from combining molecular and ecological perspectives
(see chapter “Carrion Decomposition). While the collaboration of microbiologists,
entomologists, vertebrate zoologists and ecologists is necessary to better understand
carrion decomposition, the study of disease dynamics at carcasses would benefit from
close collaboration between wildlife ecologists and public health professionals.

Scavenging in the Anthropocene

Scavengers and scavenging processes face major changes in the increasingly
humanized ecosystems that characterize the Anthropocene. Provided that tempera-
ture is recognized as a modulator of carcass persistence and scavenging dynamics,
this factor (along with habitat type, and species and carrion size) should be consid-
ered in the design of studies of carrion ecology (chapter “Ecological Functions of
Vertebrate Scavenging”). Knowing how temperature determines the fate of car-
casses will be also useful to predict how climate change will likely affect both car-
rion availability, through altering mortality patterns (e.g. disease, extreme weather),
and the rates of carrion decomposition in ecosystems.

Assessing the potential effect of global change on both carrion availability and
its consumption across the globe is of paramount importance in carrion ecology (see
chapter “What Makes Carrion Unsafe for Scavengers? Considerations for
Appropriate Regulatory Policies and Sound Management Practices”). The increas-
ing presence of humans in natural ecosystems is severely impacting carrion avail-
ability and consumption at all ecological levels (i.e. from individuals and populations
to communities and ecosystems; see chapter “Human-Mediated Carrion: Effects on
Ecological Processes”). In this regard, scavengers, particularly obligate scavengers,
face major carrion-related threats such as contamination of carrion by multiple toxic
compounds and abrupt changes of food sources driven by regulatory measures
(Fig. 2). The effect of toxic residues in carcasses on micro-scavengers (arthropods)
should be further acknowledged and explored in order to develop mitigation mea-
sures accordingly (chapter “What Makes Carrion Unsafe for Scavengers?
Considerations for Appropriate Regulatory Policies and Sound Management
Practices”).

The conservation of species-rich guilds of scavengers is a key issue for ecosys-
tem functioning. Reinforcing the science-management interface in carrion ecology
is therefore needed to tackle scavenging conservation, especially considering the
critical situation of some scavenging species such as vultures worldwide (i.e. 16 out
of 22 species threatened according to IUCN; chapter “Vertebrate Scavenging
Communities”) or top predators. The emerging recognition of the ecosystem ser-
vices provided by scavengers might help to reverse their decline. More efficient
policies and management based in science is therefore needed to better conserve
scavengers and scavenging processes in ecosystems in a rapidly changing world.
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