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Foreword by Professor Anne Rasa

Small Carnivore Research in Retrospect

This is a book that has been needed for decades. It is
the first compendium of recent research on a group of
mammals that received almost no attention prior to
the early 1970s and has not received enough since -
the small carnivores. Although the larger members of
the Carnivora were studied earlier than this date, nota-
bly the grey wolf, Canis lupus, in Europe and the ‘Big
Cats’ in Africa, especially the lion, Panthera leo, and
have been the objects of numerous studies since, the
smaller members of the carnivore group were mostly
ignored. Nearly all the scientists involved in the earlier
carnivore studies were Europeans, with the notable
exception of George Schaller from the USA with his
benchmark study of the African lion in the late 1960s.

This tendency for Europeans to be at the forefront of
small carnivore field research probably had historical
reasons. The early 1970s were the time of the Nature/
Nurture Controversy and American zoologists were
primarily Animal Behaviourists. They concentrated
on learning paradigms using rodents in the laboratory
rather than studying natural populations of a variety
of animals, as the Europeans were doing. The few eco-
logical studies on small carnivores at that time were
run by the US Fish and Wildlife Service and dealt with
their control for economic reasons. The European field
scientists, however, notably the Dutch, focused mainly
on the behaviour and ecology of fish and invertebrate
species rather than mammals. Probably, owing to the
paucity of European small carnivore species and their
relative rarity, due to their perception as ‘vermin’ and
centuries of attempted eradication, very little was
being done to expand our basic knowledge of these
mammals. An exception to this general trend was
Nikolaas Tinbergen’s Oxford group in Britain who
were the first to study small carnivore populations in
the wild. Hans Kruuk’s study of the European badger,

Meles meles, and David Macdonald’s on the red fox,
Vulpes vulpes, set a trend in the early 1970s that was to
continue for the next decades and expand to other spe-
cies and other continents.

Apart from the rarity of small carnivores as objects
for research throughout most of Europe, another fac-
tor detrimental to the study of this fascinating group
was that the majority of its members were found in
Africa and Southeast Asia, with a much lower number
in the Americas. Funds to study these were practically
non-existent and almost nothing was known about
any of them. Many species were represented only by
skins and/or skeletons in museums and just a handful
were kept as exotic curiosities in zoos. A quick glance
through the first edition of Walker et al’s Mammals of
the World, published in 1964, shows that less than half
of the species listed had actually been photographed
(mostly in zoos), many were represented just as
museum mounts and some were artist’s impressions
of what the animal looked like from its preserved skin
and skull. The appended descriptions of habits and
habitat were little more than descriptions of general
geographical regions and biotopes in which the speci-
mens had been collected. Even the taxonomy was con-
fusing. Although that of the canids, felids, and most
mustelids was fairly straightforward, the taxonomy of
the viverrids, which at that time included the
present-dayViverridae, Nandiniidae, Prionodontidae,
Eupleridae, and Herpestidae, was erratic and ques-
tionable, being based primarily on skeletal elements,
dentition and pelage. Some genera were extremely
broadly based (e.g. Herpestes) while others (e.g.
Helogale) were split into numerous species and sub-
species based on geographical range and pelage col-
our. The latter distinctions were, after subsequent
genetic analysis, found to be spurious.

xvii
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Foreword by Professor Anne Rasa

The fact that so little was known about small carni-
vores at this time was also due to their habits. Most
species are solitary, secretive, and nocturnal, all these
factors making it difficult to study them and collect
data on their habits or even on their presence. The
majority of species also inhabit difficult terrain: wood-
lands, tropical forest, waterways, mangrove swamps
and tall grasslands, hardly ideal conditions for obser-
vation and data collection. The little data available on
reproductive cycles and territorial behaviour of small
non-European species originated mostly from inci-
dents of human-small carnivore conflict. Reproductive
cycles of the suricate, Suricata suricatta, and yellow
mongoose, Cynictis penicillata, were obtained from
post-mortem analysis of animals following mass poi-
soning in a rabies outbreak area in South Africa. Data
on territory size and reproduction of the small Indian
mongoose, Herpestes auropunctatus (now Urva auro-
punctata), were collected with regard to its negative
impact on island ecosystems after its introduction as a
biological control agent for snakes and rats. It, there-
fore, comes as no surprise that the first non-European
species to be studied in depth were group-living, diur-
nal mongooses, such as the dwarf mongoose, Helogale
parvula, and, later, the banded mongoose, Mungos
mungo, and suricate which, because they inhabited
comparatively open areas, were amenable to direct
observation.

As can be seen from many of the contributing chap-
ters of this book, over the past 40 years, this situation
has changed remarkably with regard to research on
the evolution, taxonomy, general ecology, and behav-
iour of many previously unknown species. Probably,
the most valuable tool developed for small carnivore
studies was the miniature radio-telemetry transmit-
ter. For the first time, it was possible to follow indi-
viduals without inhibiting their natural behaviour.
This was especially useful for nocturnal species or
those inhabiting biotopes where direct observation
was almost impossible. Prior to this, the only way of
collecting data was by the capture-recapture method
with marked animals or the time-consuming process
of their habituation to human presence or relying on
their tracks and signs. The radio-collar meant that
individual animals could be located, their home
ranges plotted, activity periods recorded and denning
sites mapped with accuracy and relatively little

trouble. This yielded a wealth of new information on
their habits and made inter-species and also inter-
habitat comparisons within a species possible. The
use of motion-detecting cameras also allowed records
to be made of the presence, habitat use, and activity
patterns of cryptic species without disturbing their
normal behaviour. As a result, the database on small
carnivore ecology and behaviour expanded almost
exponentially over the next decades. Probably, the
most remarkable thing about these general findings,
however, was that, apart from the social species,
almost all the others followed the same schema in
their spatiotemporal patterning, independent of geo-
graphical distribution, diel activity pattern, or ecolog-
ical habitat. The general rule seemed to be that males
have larger territories than females and these overlap
with those of one or more of the latter. This would be
expected when the prey spectrum of most small car-
nivores, which consists primarily of small prey items
such as invertebrates, reptiles, rodents, and birds, is
taken into account. Whether this is an example of
convergent evolution or a case of retention of evolu-
tionary traits has yet to be analyzed.

Many of the chapters in this book deal with the rela-
tionship between humans and small carnivores, which
has always been a strained one based primarily on eco-
nomics. From the start of agriculture and the keeping
of small domestic animals, the human attitude towards
small carnivores has always been negative, with con-
tinuous attempts at their eradication from settled
areas. Agricultural practices destroyed - and still
destroy - habitats and directly or indirectly result in
the exclusion of many species from their historical
range, even to the point of practical extinction, e.g. the
black-footed ferret, Mustela nigripes. Competition
with fisheries wiped out whole populations of otters,
including sea otters, Enhydra lutris, and mink species.
The depredations of mustelids, small canids, and
felids on domestic livestock, together with their role as
disease carriers for rabies, in particular, resulted and
still result in their persecution, even in modern times.
The only positive attitude towards small carnivores
could be found in the fur trade and this attitude could
be considered even worse. Their exploitation through
ignorance and greed resulted in the population deci-
mation of mainly mustelids, and even the extinction of
certain species, especially in North America. Those chapters
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dealing with human-small carnivore interactions are a
valuable contribution to the history of this ongoing
conflict. Most importantly, now that our knowledge
of their essential role in ecosystem balance has
been recognized, the importance of their conservation
has come to the fore. Today, positive steps are being
taken to repair and prevent the damage done to small
carnivore populations in previous centuries, despite
the fact that some species are still considered as
‘vermin’.

With the major advances in macro-molecular tech-
niques within the last decades, many of the evolution-
ary and taxonomic puzzles presented by the small
carnivores as a group 30 years ago have been eluci-
dated. The introductory chapter gives a brief overview
of the phylogenetic relationships among the families
currently recognized within the order Carnivora and
discusses some taxonomic issues pertaining to this

Foreword by Professor Anne Rasa

group. It further sets the context by evaluating the
research efforts on small carnivores globally through
bibliometric analyses. Lastly, the brief review on the
distribution, species richness, ecological roles, con-
servation status, and threats to small carnivores
worldwide is of special interest and basic to our under-
standing of the group as a whole.

In general, this book covers such a wide range of
subdisciplines and techniques that it should be consid-
ered a solid baseline for further necessary research on
this little-known group of highly interesting mam-
mals. As our knowledge regarding how ecosystems
function increases, the valuable role of small carni-
vores and the necessity for their conservation should
be regarded as of paramount importance. The topics
covered in this book should therefore appeal not only
to academics and wildlife researchers, but to the inter-
ested layman as well.

Xix
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SUMMARY

Small carnivores - here defined as members of the mammalian order Carnivora with a body mass <21.5 kg - occur worldwide,
including in Oceania, following introductions. They are represented by 210 to 282 species, which correspond to about 90% of
terrestrial carnivores globally. Some species are endemic to 1 or 2 countries (sometimes only islands), while others, like the
red fox, Vulpes vulpes, are present in nearly 90 countries over 5 continents. Small carnivores inhabit virtually all of the Earth’s
ecosystems, adopting terrestrial, semi-fossorial, (semi-)arboreal or (semi-)aquatic lifestyles. They occupy multiple trophic lev-
els, being primary consumers when feeding on fruits, seeds, and other plant matter, secondary consumers when preying on
frugivorous, granivorous, and herbivorous animals, or tertiary consumers when killing and devouring meat-eating animals.
Therefore, they play important roles in the regulation of ecosystems, e.g. natural pest control, seed dispersal and nutrient
cycling. In areas where humans have extirpated large carnivores,small carnivores may become the dominant predators,which
may increase their abundance (mesopredator release’) to the point that they can sometimes destabilize communities, drive
local extirpations,and reduce overall biodiversity. On the other hand, one-third of the world’s small carnivores are Threatened
or Near Threatened with extinction (sensu IUCN). This results from regionally burgeoning human populations’ industrial and
agricultural activities, causing habitat reduction, destruction, fragmentation, and pollution. Overexploitation, persecution,and
the impacts of introduced predators, competitors,and pathogens have also negatively affected many small carnivore species.
Although small carnivores have been intensively studied over the past decades, bibliometric studies showed that they have
not received the same attention given to large carnivores. Furthermore, there is a huge disparity in how research efforts on
small carnivores have been distributed, with some species intensively studied,and others superficially or not at all. Regionally,
North American and European small carnivores have been the focus of numerous studies,and more research is being progres-
sively conducted in Asia. However, there is a need to increase the research effort in Africa and Central and South America.
Encouragingly, the recognition of the importance of the mesopredator release effect and the exponential deployment of
camera-traps have started to boost the research effort and scientific knowledge on small carnivores around the world. This
book aims at filling a gap in the scientific literature by elucidating the important roles of,and documenting the latest knowl-
edge on, the world’s small carnivores. It is divided into four main sections: (i) Evolution, Systematics, and Distribution; (ii)
Ecology, Behaviour,and Diseases; (iii) Interspecific Interactions and Community Ecology; and (iv) Interactions with People and
Conservation. We hope that the book will appeal to a wide audience and, considering that the field of small carnivore science
remains wide open, stimulate much-needed research globally.
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The World’s Small Carnivores: Definitions, Richness, Distribution, Conservation Status, Ecological Roles, and Research Efforts

What is a Small Carnivore?

This edited book focuses on small carnivores. This nat-
urally calls for a definition of ‘small carnivores’, par-
ticularly because these members of the class Mammalia
do not form a distinct — or monophyletic - taxonomic
unit. As a start, the term ‘carnivore’ (from the Latin
carne, meat, and vorare, to eat) is used here as a popu-
lar synonym of carnivorans, i.e. mammal species
belonging to the order Carnivora. Readers should how-
ever bear in mind that the latter term, which is based
on a phylogenetic classification (Goswami, 2010), is
technically more correct and less confusing, as some
carnivorans rarely include meat in their diet. For
example, the red panda, Ailurus fulgens, almost exclu-
sively eats bamboo, and the kinkajou, Potos flavus, pri-
marily feasts on fruits. The ancestors of modern-day
carnivores were all meat-eaters and had in common
the possession of a set of four carnassial teeth — the two
fourth upper premolars and the two first lower
molars — that would shear through flesh efficiently
(Macdonald, 1992). Carnivores have since evolved and
colonized a wide range of habitats, with some species
progressively changing their diet to mostly feed on
plant matter or insects with corresponding morpho-
physiological adaptations, including modifications of
the carnassial teeth (Ewer, 1973). Similarly, not all
meat-eating animals are carnivorans. In fact, the main
confusion comes from the fact that the term ‘carnivore’
can both be used as a synonym of ‘carnivoran’ (phylo-
genetic concept) and as an ecological concept (Allaby,
2009), with carnivore then corresponding to the sub-
stantive form of the adjective ‘carnivorous’. This book,
however, does not include other small predator species
such as highly carnivorous marsupials, notably several
members of the families Didelphidae (endemic to
North and South America) and Dasyuridae (found in
Australia, Tasmania, Papua New Guinea, and
Indonesia). Nonetheless, it is worth mentioning that
marsupial carnivores likely play similar ecological
roles to those of small carnivorans, and several species
of carnivorous marsupials are equally understudied
(e.g. Glen & Dickman, 2014).

There is no unanimously accepted definition of
what a small carnivore is. Among carnivore biologists
involved in conservation and familiar with the special-
ist groups of the International Union for the

Conservation of Nature’s Species Survival Commission
(hereafter IUCN SSC), small carnivores are implicitly
defined as all the terrestrial carnivores that do not
belong to the most charismatic carnivore families,
namely the cats (Felidae), dogs (Canidae), bears
(Ursidae) and hyenas (Hyaenidae). The IUCN SSC
possesses specialist groups dedicated to the conserva-
tion of each of the above families, while the remaining
families have been progressively incorporated into the
original Mustelid & Viverrid Specialist Group to form
what is currently known as the Small Carnivore
Specialist Group. The ensuing corporate definition of
small carnivores is obviously arbitrary, especially con-
sidering the plethora of small-sized felids and canids
that populate the world’s ecosystems.

From a purely biological standpoint, there are mor-
phological, ecofunctional, and ecophysiological defini-
tions, and a species considered as a small carnivore by
some may be regarded as a medium-sized or even large
carnivore by others. The classification may also differ
from one ecosystem to another, and vary locally over
time, depending on changes in the composition of the
carnivore taxocenosis (i.e. a group of sympatric species
sharing a common phylogenetic clade). Using body
mass as the primary criterion to categorize carnivores,
Buskirk (1999) defined mesocarnivores (i.e. medium-
sized carnivores) as mammalian predators weighing
between 1 and 15kg. Based on this categorization, only
species weighing less than 1kg would be considered
small carnivores, while large carnivores would be
those species weighing 15kg and above (see e.g. Wolf
& Ripple, 2018). Other authors regard mesocarnivores
(or mesopredators) as small- and mid-sized species
weighing less than 15kg (Roemer et al., 2009), which
itself brings confusion to the debate, as this definition
disregards the very meaning of the prefix meso- which
refers to middle or intermediate body size or mass. In
contrast, the latter definition is interpreted literally
when a species such as the cheetah, Acinonyx jubatus
(with an adult body mass of 20-65kg) is defined by
some authors as a ‘mesopredator’ in comparison to the
much larger African lion, Panthera leo (110-270kg)
(Gigliotti et al., 2020). This raises the question as to
which upper body mass threshold should ideally be
selected to define mesocarnivores, seeing that other
studies rather regard the cheetah as belonging to the
African large predator guild (Rafiq et al., 2020) and
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prefer to focus on the dominant versus subordinate
roles played by these predators in interspecific interac-
tions (Marneweck et al., 2019).

Ecologically, carnivores can occupy a broad range of
trophic levels (see Fleming et al., 2017 for a review
focusing on canids). Although most of them are sec-
ondary consumers feeding mainly on herbivorous,
frugivorous, and granivorous animals, some are essen-
tially primary consumers feeding on plant matter,
fruit, and seeds (Hunter & Barrett, 2018). Further, it is
not uncommon for others to act as tertiary or even
quaternary consumers (e.g. grass—rodent— first-
order carnivore — second-order carnivore — third-
order carnivore). For example, Yang et al. (2018) found
that up to six mid-sized carnivore species were pre-
dated by Amur tigers, Panthera tigris altaica, and
Amur leopards, Panthera pardus orientalis. Therefore,
because carnivores also feed on each other (intra-
taxocenosis or even intraguild predation), the availa-
ble behavioural and dietary data suggest that the three
following ecofunctional categories could be consid-
ered: (i) species who never kill and consume other car-
nivore species, but who fall prey to larger-sized
carnivores; (ii) species who kill and consume other
carnivore species and are themselves predated by
other carnivores; and (iii) species who kill and occa-
sionally consume other carnivore species, but whose
adult individuals (contrarily to young) are not usually
killed by other carnivore species. Due to subduing
imperatives, these categories would imply that the cor-
responding members of these trophic levels are of
small, medium, and large sizes, respectively. However,
body size and mass are not the only factors that deter-
mine the occurrence and outcome of such predatory
interactions, and the range of carnivore body sizes and
masses will vary depending on the local taxocenosis.
As a result, body mass thresholds between these three
ecological groups of carnivores are not discrete, and,
therefore, difficult to determine precisely.

Ecophysiological considerations can provide scien-
tific grounding for categorizing carnivores into body
mass groups. Carbone et al. (1999) noted a dichotomy
in terrestrial carnivore diets, with smaller species feed-
ing on invertebrates and small vertebrates generally
weighing less than half their body mass; and larger
species essentially preying on large vertebrates that
are near their mass. These authors suggested that

What is a Small Carnivore?

although intake rates of invertebrate feeders are low,
small carnivores could subsist on such a diet because
invertebrates constitute a superabundant resource in
most ecosystems, and small carnivores have low abso-
lute energy requirements. For larger carnivores, how-
ever, invertebrate feeding appears to be unsustainable.
Using a simple energetic model and known inverte-
brate intake rates, Carbone et al. (1999) predicted a
maximum mass of 21.5kg above which feeding on
small prey is unsustainable. In a follow-up study,
Carbone et al. (2007) showed that the transition from
small to large prey can be predicted by the maximiza-
tion of net energy gain. While their improved model
showed that small prey can sustain carnivores weigh-
ing up to 18-45kg, carnivores weighing above 14.5kg
will achieve a higher net gain by feeding on larger
prey. The shift from small to large prey is, therefore,
expected and indeed observed in a body mass range of
roughly 15-21kg, depending on the species, season,
and location. A recent study that investigated the rela-
tionship between stomach capacity and pack-corrected
prey mass (i.e. the amount of food available for each
member of the predator ‘hunting group’) confirmed
the existence of two main carnivore functional groups,
namely small-prey feeders and large-prey feeders (De
Cuyper et al., 2019). The majority of large-prey feeders
are above, and of small-prey feeders below, a body
mass of 10-20kg. However, both functional groups
occur across the whole body mass spectrum, suggest-
ing that the dichotomy might not only be determined
by physiology, but also by ecological factors related to
body size.

In order to select the species to consider for this
book as a whole, we, therefore, decided to define small
carnivores as members of the order Carnivora whose
average body mass is below 21.5kg (see species list and
average body masses in Appendix A). We, however,
acknowledge that because the shift from small to large
prey can take place over a large range of body masses,
some species weighing between 15 and 21 kg may war-
rant being regarded as large carnivores. Similarly, the
giant otter, Pteronura brasiliensis, and the sea otter,
Enhydra lutris, are considered here as large carnivores
based on their average body mass (28 and 30kg,
respectively; Hunter & Barrett, 2018), even though
they feed on comparatively small prey (10-40 cm long
fish and marine invertebrates, respectively). Living in

5
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aquatic and marine environments could possibly com-
plicate access to larger prey - in terms of availability,
catching, and subduing - as opposed to what is the
case in terrestrial systems. Giant otters are, however,
capable of taking large turtles, >1m long catfish, cai-
mans to 1.5m and anacondas to 3 m (Hunter & Barrett,
2018). The case of some bears feeding almost exclu-
sively on plants (e.g. giant panda, Ailuropoda melano-
leuca) or termites, ants, and fruits (e.g. sloth bear,
Melursus ursinus) is more puzzling, and this is clearly
food for thought for evolutionary biologists and nutri-
tional ecologists (Nie et al., 2019; Jiangzuo & Flynn,
2020). Hence, due to the above-mentioned hurdles
and the lack of a current consensus on what a small
carnivore is, we have not imposed this definition upon
the contributors. As a result, the individual chapters
may follow any of the approaches mentioned above, or
be based on different body mass thresholds.

This book does not include contributions on any of
the 36 species of marine carnivores (Wozencraft,
2005) belonging to the Phocidae (seals), Otariidae
(sea lions), and Odobenidae (walrus, Odobenus
rosmarus) families whose representatives weigh
between 90 and 3600kg and feed on a different range
of primarily aquatic prey (Reeves et al., 2002). Due to
their shared morphological and ecological character-
istics, these aquatic species were previously consid-
ered to form an order on their own, the Pinnipedia;
however, elevating pinnipeds to the order rank would
make the Carnivora an incomplete systematic unit, a
so-called paraphyletic taxon (Flynn et al., 2005; Sato
et al., 2006).

Although the term ‘terrestrial’ is used here to qualify
all members of the order Carnivora outside the
Pinnipedia (previously called the Fissipedia), some
terrestrial species are largely aquatic (e.g. otters; otter
civet, Cynogale bennettii) or may forage in shallow
waters (e.g. water mongoose, Atilax paludinosus, crab-
eating mongoose, Urva urva, aquatic genet, Genetta
piscivora, crab-eating raccoon, Procyon cancrivorus,
fishing cat, Prionailurus viverrinus, and brown bear,
Ursus arctos) (Garshelis, 2009; Jennings & Veron,
2009; Kays, 2009; Lariviere & Jennings, 2009; Gilchrist
et al., 2009; Sunquist & Sunquist, 2009). Other species
are partly (e.g. martens, Martes spp.; genets, Genetta
spp.; fosa, Cryptoprocta ferox; several bear species) to
chiefly or exclusively arboreal (e.g. palm civets; oyans

and linsangs; binturong, Arctictis binturong; olingos,
Bassaricyon spp.; sun bear, Helarctos malayanus),
while Eurasian badgers sensu lato, Meles spp., and
American badger, Taxidea taxus, can be regarded as
semi-fossorial, as they dig extensive burrows where
they spend a significant proportion of their life
(Garshelis, 2009; Gaubert, 2009a,b; Goodman, 2009;
Jennings & Veron, 2009; Kays, 2009; Lariviere &
Jennings, 2009; Proulx et al., 2016).

Phylogeny and Number of Families

The scientific revolution created by the advent of
molecular biology has enabled taxonomists, systema-
tists, and phylogeographers to shed light on the genetic
relationships between extant taxa. These methods
have assisted in fine-tuning the phylogenetic tree of
the order Carnivora (Figure 1.1). It now regroups 13
terrestrial families; Ursidae does not contain any small
carnivores, while several others are comprised entirely
of small carnivores (Figure 1.1).

Recent progress in molecular phylogenetics has
since revealed the well-resolved carnivoran phylogeny
in both major clades of Caniformia (‘dog-like’ species)
and Feliformia (‘cat-like’ species) to the extent that lit-
tle remains to be enlightened on the interfamilial rela-
tionships. During the last decade or so, the supermatrix
approach with nuclear gene sequences under the
probabilistic phylogenetic criteria has contributed
greatly to the clarification of some enigmatic phyloge-
netic relationships; e.g. Eupleridae: Yoder et al. (2003);
Prionodontidae: Gaubert & Veron (2003); Pinnipedia
and Ursidae: Flynn et al. (2005) and Sato et al. (2006);
Ailuridae and Mephitidae: Sato et al. (2009). In addi-
tion to the phylogenetic topological issues, the diver-
gence times among families have also been largely
consistent among studies which adopted different fos-
sil calibrations, especially those using mainly nuclear
gene sequences (Koepfli et al., 2006; Sato et al., 2009;
Eizirik et al., 2010; Fulton & Strobeck, 2010; Meredith
et al., 2011). Figure 1.1 shows the currently accepted
phylogenetic relationships among families within the
order Carnivora, where the divergence times among
them were calculated from arithmetically averaging
the estimates in the above-mentioned studies. These
are based on the taxon-by-characters supermatrix
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Number of Species, ‘New’ Species, and Taxonomic Uncertainties

Mustelidae: 61/63 (97%)

27.9

Procyonidae: 14/14 (100%)

29.8
31.7

Ailuridae: 1/1 (100%)

Mephitidae: 12/12 (100%)

38.6 |

Odobenidae: 0/1 (0%)
14.6

39.4 22.9

Otariidae: 0/16 (0%)

47.4

Phocidae: 0/17 (0%) &+

Ursidae: 0/8 (0%) ¢

Canidae: 32/36 (89%) |

25.0

Eupleridae: 9/9 (100%)

57.1 30.7

Herpestidae: 35/35 (100%) |

Hyaenidae: 1/4 (25%)

37.6

Viverridae: 33/33 (100%)

43.9 33.3

Felidae: 31/38 (82%)

Prionodontidae: 2/2 (100%)

Paleocene | Eocene | Oligocene |

Nandiniidae: 1/1 (100%)

Miocene |Pli|Ple&H

T T T T
60 50 40 30

20 10 Ma

Figure 1.1  Phylogenetic relationships among the 16 families within the order Carnivora summarized on the basis of the
estimates in recent molecular phylogenetic studies using the taxon-by-characters supermatrix mainly consisting of more
than 5000 bp nucleotide sequences from multiple nuclear genes. Divergence times were arithmetically averaged based on
estimates provided in the literature (see references in the text). The percentage proportions of the small carnivores
(<21.5kg; n=232) in each family are indicated after the family names. Pli = Pliocene, Ple = Pleistocene, H = Holocene.
Source: Photos © Pascal Gérold (European badger, Meles meles), Steven Jansen (northern raccoon, Procyon lotor; grey seal,
Halychoerus grypus),Jacob Dingel (striped skunk, Mephitis mephitis), Alex Sliwa (red panda, Ailurus fulgens; walrus, Odobenus
rosmarus; Steller sea lions, Eumetopias jubatus; brown/grizzly bear, Ursus arctos), Emmanuel Do Linh San (black-backed jackal,
Canis [= Lupullela] mesomelas; yellow mongoose, Cynictis penicillata; spotted hyaena, Crocuta crocuta; African wild cat, Felis
lybica), Nick Garbutt @ www.nickgarbutt.com (ring-tailed vontsira, Galidia elegans), Len de Beer (rusty-spotted genet, Genetta
maculata),Johannes Pfleiderer (Spotted linsang, Prionodon pardicolor),and David Mills (African palm civet, Nandinia binotata).

consisting of more than 5000 bp nucleotide sequences
from multiple nuclear genes. Most of the divergence
among families occurred from the middle Eocene to
the late Oligocene. Only the marine pinniped families
started the diversification in the Miocene. The number
of subfamilies within the order Carnivora is still
debated and likely to change with future studies.

Number of Species, ‘New’ Species,
and Taxonomic Uncertainties

The number of small carnivore species worldwide is
dependent upon both the definition used as well as the
handling of several cases of taxonomic uncertainty
present within this mammalian order. An in-depth

7
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look at species lists in recent compendia on carnivores
suggests that the species rank attributed to 233 taxa of
terrestrial carnivores is not in dispute. Recent sources
list between 245 and 251 carnivore species, and species
composition slightly varies among them (Nowak,
2005; Wozencraft, 2005; Wilson & Mittermeier, 2009;
Hunter & Barrett, 2011, 2018; Table 1.1). During its
2015/2016 reassessment of the conservation status of
carnivores worldwide, the TUCN listed 255 terrestrial
carnivore species. However, as more work is com-
pleted, additional species are likely to be recognized.
For example, the African wolf, Canis lupaster, was
recently recognized and assessed following a series of
research works filled with twists and turns (IUCN,

2021; see other references in Appendix B). Two addi-
tional cat species were recognized - but not yet
assessed - in 2017 after a thorough and much-needed
revision of the taxonomy of the Felidae (Kitchener
et al., 2017). A detailed review of the literature indi-
cates that at least an additional 51 taxa, for a total of
309, were claimed, suggested or convincingly demon-
strated by some authors to warrant species status (see
contentious cases for small carnivores in Appendix B).
Domestic and feral carnivores constitute a separate
and complex case, which will not be debated here (see
Wyrwoll, 2003; Gentry et al., 2004). Considering that
there are 23 to 27 large terrestrial carnivore species
globally, the number of small carnivore species could,

Table 1.1 Number of extant terrestrial carnivore species recognized by five recent standard references,and number

of species in each family.

Suborders and Nowak  Wozencraft Wilson & Hunter & Hunter & IUCN % IUCN
families” (2005)  (2005) Mittermeier (2009) Barrett (2011) Barrett (2018) (2021) (2021)
Caniformia
Mustelidae 67 58 57 56 60-62 63 24.6
Procyonidae 19° 14 12 13 13 14 5.5
Ailuridae — 1 1 1 1 1 0.4
Mephitidae —d 12 12 12 11 12 4.7
Ursidae 8 8 8 8 8 8 3.1
Canidae 35 34 35 35 35 35 13.7
Feliformia
Eupleridae -¢ 8 8 9 7 9 3.5
Herpestidae 39 33 34 34 34 35 13.7
Hyaenidae 4 4 4 4 4 4 1.6
Viverridae 35 35 34 33 33 33 12.9
Felidae 38 40 37 37 40 39 15.2
Prionodontidae  —/ — 2 2 2 2 0.8
Nandiniidae —8 1 1 1 1 1 0.4
Total 246° 248 245 245 249-251 256 100.0

The percentage of species in each family as per IUCN (2021) is provided in the last column. See Figure 1.1 for the numbers and

percentages of small carnivore species in each family.

¢ For comparative purposes, families are listed in the same order as that provided in Figure 1.1.

®This count included the extinct Barbados raccoon, Procyon gloveralleni, as well as several other insular populations of the introduced
northern raccoon, P. lotor; all of those are currently regarded as insular forms or subspecies at best (see Appendix B).

“The red panda, Ailurus fulgens, was then classified with the Procyonidae (see Sato & Wolsan, Chapter 2, this volume).

9The skunks were previously considered as a separate subfamily (Mephitinae) within the Mustelidae.

“The Malagasy carnivores were then regarded as direct relatives of mongooses (Herpestidae) and civets (Viverridae) (see Veron et al.,

Chapter 3, this volume).

/The Asian linsangs were formerly classified with the Viverridae. The African linsangs (oyans) are still included in the Viverridae.
8The African palm civet, Nandinia binotata, was then classified with the Viverridae.
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therefore, range from 210 (90.1% of 233 species) to 282
species (91.3% of 309 species). At present, the ITUCN
(2021) recognizes 232 small carnivore species (90.6%
of 256 carnivore species; see full species list in
Appendix A), an approach that we have adopted here
in view of showing the general trends in the conserva-
tion status of small carnivores worldwide. The recog-
nized species are dominated by 5 families: Mustelidae
(61 species; 26.3%), Herpestidae (35; 15.1%), Viverridae
(33; 14.2%), Canidae (32; 13.8%), and Felidae (31;
13.4%) (Figure 1.1). The remaining 7 families comprise
only 40 species, a mere 17.2% of all small carnivore
species worldwide.

At least three species of small carnivores have gone
extinct over the past centuries - the Falkland Island
wolf, Dusicyon australis, his continental sister taxon,
D. avus, and the sea mink, Mustela macrodon (Nowak,
2005; IUCN, 2021). However, very few of the recently
named species have, in fact, been newly discovered;
the validity of others can be questioned. For example,
Durbin et al. (2010) reported on the discovery of
Durrell’s vontsira, Salanoia durrelli, from the marshes
of Lac Alaotra, in Madagascar. This taxon diverged
from brown-tailed vontsira, Salanoia concolor, in
terms of craniodental morphometrics, but exhibited
low genetic differentiation at cytochrome b. Recent
studies by Veron et al. (2017) based on mitochondrial
and nuclear markers and additional phenotypic char-
acteristics strongly support the existence of a single
species within the genus Salanoia. Similar cases of
rescinded discoveries are reported in Appendix B. A
few years ago, Helgen et al. (2013) undertook a com-
prehensive taxonomic revision of the Neotropical olin-
gos. In the process, these authors came to describe a
new species, the olinguito, Bassaricyon neblina,
endemic to the Andes of Colombia and Ecuador.
Although this species was newly named, several speci-
mens had previously been collected and misidentified
as northern olingo, Bassaricyon gabbii. The above-
mentioned study has now shown that B. gabbii occurs
only in Central America.

Perhaps the only recent field discovery of a small
carnivore species is the Vietnam ferret badger,
Melogale cucphuongensis, for which two individuals
were found in 2005 and 2006 in Cuc Phuong National
Park. Both morphological and cytochrome b data
pointed to a clear distinction from the two other
sympatric ferret badger species (Nadler et al., 2011).

Geographic Distribution

However, it is not impossible that this taxon has pre-
viously been described under another name and con-
sidered synonymous to that of one of the two
continental ferret badger species. Clearly, more sam-
ples of this newly described taxon would need to be
collected and a thorough revision of this genus
undertaken. Similarly, the ‘discovery’ of Lowe’s otter
civet, Cynogale lowei, was based on a single specimen
collected in the winter of 1926-1927 in northern
Vietnam. Ninety years later, Roberton et al. (2017)
using microscopic hair and DNA analyses, showed
that the type specimen was, in fact, a juvenile
Eurasian otter, Lutra lutra, thereby refuting the
existence of Lowe’s otter civet!

The apparent increase in the number of small carni-
vore species over the past 15 years is primarily due to
taxonomic splitting of species. For example, the three
to four species of Eurasian badgers sensu lato currently
recognized result from a progressive split of Meles
meles (European badger); similarly, the three species
of Asian hog badgers, Arctonyx spp., were previously
considered a single species (see review in Sato, 2016
and references in Appendix B). More generally, a com-
bination of morphological and molecular studies
based on a broad range of genetic markers, sometimes
coupled with an analysis of biogeographic data, have
provided strong evidence for the upgrading or sub-
suming of some taxa (Appendix B). Several cases are
still disputed and require further investigations
(Appendix B). It is likely that genome-wide analyses
will help clarify the taxonomic rank of several taxa in
the near future, as already demonstrated in recent
studies (e.g. Koepfli et al., 2015; Gopalakrishnan et al.,
2018; Hu et al., 2020).

Geographic Distribution

Small carnivores are present worldwide, with the
exception of Antarctica. They occur in Oceania follow-
ing successful introductions: the red fox, Vulpes vulpes,
in Australia (including Tasmania) and New Zealand;
the stoat, Mustela erminea, the least weasel, M. nivalis,
and the European polecat, Mustela putorius, and/or
domestic ferret, M. furo, in New Zealand; the small
Indian mongoose, Urva auropunctata, in Hawaii and
Fiji; and the Indian brown mongoose, Urva fusca, in
Fiji. Gantchoff et al. (Chapter 20, this volume) report

9
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on some of those successful introductions, as well as
on the introduction efforts that failed.

Asia (42%) and Africa (37%) both host large propor-
tions of the world’s 232 small carnivore species, fol-
lowed by Central and South America (22%). Species
richness is much lower in North America (16%) and
Europe (10%). Most small carnivore species (n =185 or
80%) occur on one continent only and, therefore, anal-
yses which take into account the remaining 20% of
species present on two or more continents yield simi-
lar proportions (Figure 1.2). The red fox and the small

Oceania
) (n=86)
Central & South America 29,
(n=51)
17%

North America
(n=38)
13%

Europe
(n=24)
8%

Indian mongoose are present on five continents
(islands included), while the stoat, least weasel,
European polecat, American mink, Neovison vison,
and northern raccoon, Procyon lotor, occur on four
continents, all partially due to introductions.
Although countries differ drastically in surface area,
a simple plot of the number of species that occur in a
specific number of countries show that pairs of data
fall on or very close to the indicated power regression
curve (Figure 1.3). No less than 35 species (15%) are
endemic to a single country, and among those, 21 (9%)

Figure 1.2 Proportional geographic distribution of
the 232 small carnivores (< 21.5kg) recognized by
the IUCN (2021). Note that some species occur on

Asia two or more continents and are, therefore, counted

(n = 98) multiple times (n =302 occurrences). For the

32% purpose of our analysis, Africa includes Madagascar
and the nearby Indian Ocean and Atlantic Ocean
islands; Central America includes the Caribbean
Islands; Oceania comprises Australasia, New
Zealand, Polynesia, Melanesia, and Micronesia.
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Figure 1.3 The relation between the number of small carnivore species (<21.5kg) and the number of countries in which
they occur worldwide. The black dotted line represents a fitted power function regression curve. Note that the dot with 101
countries corresponds to Felis silvestris. This species has now been split into two, with the European wild cat, F. silvestris
sensu stricto, present in 34 countries, and the African wild cat, F. lybica,in 67 countries occurring from South Africa to China

and southern Mongolia.
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are island endemics - albeit sometimes present on sev-
eral islands. Overall, about half of the small carnivore
species are present in five or fewer countries, and
nearly two-thirds occur in < 10 countries. The remain-
ing one-third consists of species whose distribution
spans from 11 to 65 countries. The red fox and the
Eurasian otter top the list with 87 and 79 countries,
respectively (see caption of Figure 1.3 for the special
case represented by the wild cat, Felis silvestris).

Conservation Status in an Era
of ‘Species Inflation’

The latest update of the assessment of the conserva-
tion status of small carnivores by IUCN (2021) indi-
cates that about 64% of the 232 species assessed are not
currently a source of immediate concern (Figure 1.4;
see the full list in Appendix A). Six species (2.6%)
could not be assessed due to a deficiency of relevant
data; these are three African (Pousargues’s mongoose,
Dologale dybowskii; Ethiopian genet, Genetta abyssi-
nica; king genet, G. poensis) and three Asian species
(Vietnam ferret badger; Sichuan weasel, Mustela rus-
selliana; Tonkin weasel, M. tonkinensis). Some data
have been recently collected on two of these species
(D’Haen, 2017; Ferguson et al., 2019), however, while
a step in the right direction, the information available
is still insufficient to allow a proper evaluation of their

Conservation Status in an Era of ‘Species Inflation’

conservation status. The remaining one-third of
species are Near Threatened (~11%) or threatened
sensu lato (~23%). Among the latter, 23 species (~10%)
are Endangered or Critically Endangered (Table 1.2).
Irrespective of their conservation status, only 27% of
the world’s small carnivore species have stable popula-
tions, whereas a mere 3.4% are increasing. In contrast,
50% of the small carnivore species are currently expe-
riencing population declines, and the trends for the
remaining 20% are unknown.

While the Earth is currently facing what some call a
‘sixth mass extinction’ due to human activities
(Ceballos et al., 2010, 2015, 2017), the threats to small
carnivores result from hunting and fishing (including
deadly by-catches), poaching (often with snares), and
persecution which directly reduce small carnivore
population sizes (Gray et al., 2018; IUCN, 2021). In
addition, industrialization, urbanization, and the
expansion of agricultural activities cause the reduc-
tion, destruction, fragmentation, and pollution of hab-
itats (see review in Marneweck et al., 2021). In this
context, deforestation remains one of the most severe
threats to forest-dependent species (Piittker et al.,
2020; Rocha et al., 2020). Scenarios based on future
land-use change predict that several carnivore species,
including small carnivores, will be negatively affected
(di Minin et al., 2016). Road-traffic mortality may
also severely impact some species or populations.
Viruses and organisms (from bacteria to mammals)

Data Deficient

Least Concern

Near Threatened

Vulnerable

63.8

Endangered

B Small carnivores (n = 232)

Critically Endangered = m Large carnivores (n = 24)
0 10 20 30 40 50 60 70
Percentage of species
Figure 1.4 JUCN Red List categorization of the world’s small carnivores (<21.5kg) in comparison with that of large

carnivores, as assessed majoritarily in 2015 and 2016 (IUCN, 2021).
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Table 1.2 Alist of the 23 small carnivore species (<21.5kg) which are currently listed as Endangered (EN) or Critically
Endangered (CR) by the IUCN based on assessments mostly carried out in 2015 and 2016 (IUCN, 2021).

Family and
scientific name’

Common name

Distribution

IUCN Red List
categorization

Main threats/concerns (Asssessors/reference)

Ailuridae

Ailurus
fulgens

Canidae

Canis
simensis

Cuon alpinus

Lycalopex
fulvipes

Eupleridae

Eupleres
major®

Galidictis
grandidieri®

Mungotictis
decemlineata

Red panda

Ethiopian wolf

Dhole

Darwin’s fox

‘Western
falanouc

Grandidier’s
vontsira

Bokiboky

Bhutan, China,
India, Myanmar,
Nepal

Ethiopia

Asia (20
countries)

Chile

Madagascar*

Madagascar*

Madagascar*

EN

EN

EN

EN

EN

EN

EN

Relatively high forest loss rate and poor
survival in fragmented areas - as the
species is dependent on bamboos which
are vulnerable in deforested/degraded
habitats. High susceptibility to canine
distemper. Increase in poaching and
live-capture for trade (body parts, pelts,
pets). Growing human population and
encroachment in red panda habitat
(herding, bamboo used for fodder,
collection of firewood) (Glatston

et al., 2015).

Small population size (~400 adults in seven
isolated mountain enclaves). Susceptibility
to rabies and canine distemper. Afroalpine
range shrinking and increasingly
fragmented (Marino &

Sillero-Zubiri, 2011).

Depletion of prey base, persecution due to
livestock predation, habitat loss, disease
transmission from domestic dogs, and
possibly interspecific competition. Between
4500 and 10500 individuals distributed in
small and isolated subpopulations, often
exhibiting severe fluctuations in numbers
(Kamler et al., 2015).

Forest loss and risk of contracting canine
distemper from domestic dogs. Population
size likely does not exceed 2500 individuals
(Silva-Rodriguez et al., 2016).

Numerous synergistic threats: widespread
hunting, persecution, ongoing habitat
conversion and fragmentation, and
predation by feral cats and domestic dogs
(Hawkins, 2016).

Habitat loss and fragmentation, and
predation by non-native predators.
Population estimate is 3000-5000
individuals. Extent of occurrence
comprises a single location and is well
below 5000 km? (may be as low as
1500 km?) (Hawkins, 2015a).

Widespread and increasing habitat loss and
degradation, hunting, persecution, and
negative impacts of introduced carnivores
(Hawkins, 2015b).
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Table 1.2 (Continued)

Family and
scientific name’

Common name

Distribution

IUCN Red List
categorization

Main threats/concerns (Asssessors/reference)

Felidae

Catopuma
badia

Leopardus
Jjacobita

Lynx
pardinus

Prionailurus
planiceps

Mustelidae

Lontra felina

Borneo bay cat

Andean cat

Iberian lynx

Flat-headed
cat

Marine otter

Borneo
(Indonesia,
Malaysia)*

Argentina,

Bolivia, Chile,

Peru

Spain, Portugal

Brunei,
Indonesia,
Malaysia,
Thailand

Argentina,
Chile, Peru

EN

EN

EN

EN

EN

Hunting believed to potentially have a
considerable impact. Species prone to
untargeted snaring and evidence of capture
and export of animals for the pet trade. Area
of occupancy estimated to have decreased
by 30% between 2000 and 2010 as a result of
ongoing forest loss and conversion to oil
palm plantations. The smaller protected
areas are fragmented and isolated, hence
ineffective in conserving such a low-density
species (Hearn et al., 2016).

Occurs at low densities in patchy rocky
habitats associated to wetlands/shrublands.
Population estimate is ~2800 individuals.
Locally killed by herders (in retaliation for
predation) or hunted. Increasing habitat loss
and degradation due to expansion of
agricultural activities, inadequate livestock
management and water extraction. The
growing mining and petroleum/gas industry
is also of concern (Villalba et al., 2016).

Only 156 mature individuals in two
subpopulations in 2012, with a total area of
occupancy of 1040 km?. Improved status
from CR to EN due to intensive, ongoing
conservation actions. At least

1111 individuals in several subpopulations
in 2020, but affected by car hits (34 in 2019)
and illegal hunting. Future range
expansion and population increase highly
dependent upon continued reintroductions
and maintenance of prey base (mostly
rabbits) under epizootic and climate
change scenarios (Rodriguez &

Calzada, 2015).

Restricted and patchy distribution around
wetlands. Wetland destruction/degradation
(draining for agriculture; pollution;
excessive fishing, hunting, and wood-
cutting; clearance of coastal mangroves)
and the very high deforestation rate are,
therefore, the primary threats. Population
size is plausibly < 2500 mature individuals
(Wilting et al., 2015a).

Original range decreased substantially
following excessive hunting. Distribution
along the Pacific coast is now restricted
and patchy, with fragmentation caused by
poaching, pollution, and increased human
occupation along the seashores. Accidental
kills in crab pots reported. Inferred future
population decline due to habitat loss and
exploitation (Valqui & Rheingantz, 2015).

(Continued)

85U0|7 SUOWIWOD 8A 281D 3|l (dde auy Aq pauseno aJe Sajoie VO ‘8sn Jo e 10} Akeid 8UlUQO AS[IAA UO (SUORIPUCO-pUe-SWLBI/LIY" AB 1M ARl 1 [pUl|UO//SANY) SUOTIPUOD pue swie | 8y 89S *[£202/2T/.z] uo Ariqiauljuo As|im ‘AisieAlun axeis opelojoD Aq /iop/woo A Akeiqijeujuoy/sdny woly pepeojumod



Table 1.2 (Continued)

Family and

scientific name’

Common name

Distribution

IUCN Red List
categorization

Main threats/concerns (Asssessors/reference)

Lontra
provocax

Lutra
sumatrana

Melogale
everetti

Mustela
lutreola

Mustela
nigripes

Southern river
otter

Hairy-nosed
otter

Bornean ferret
badger

European
mink

Black-footed
ferret

Argentina, Chile

Cambodia,
Malaysia,
Thailand,
Vietnam

Borneo
(Malaysia)*

Estonia, France,
Romania,
Russian
Federation,
Spain, Ukraine

USA, Mexico

EN

EN

EN

CR

EN

Original range decreased drastically due to
habitat destruction (including removal of
vegetation), river and stream canalization,
and extensive dredging. Poaching and
predation by domestic dogs occasionally
reported. Projected population decline of
~50% over the 30 years following the
assessment due to accelerated habitat
destruction and degradation (for otters
using freshwater habitats) and the impacts
of intensive fishery activities (for marine
otters) (Septlveda et al., 2015).

Loss of > 50% of the population during the
30 years preceding the assessment caused
by illegal trade-driven hunting (meat,
medical use, pets), by-catch, pollution and
prey depletion due to overfishing. Current
decline rates suspected to continue into the
future due to burgeoning human
population and growing pressure on
natural resources (Aadrean et al., 2015).

Small extent of occurrence (4200 km?) and
area of occupancy (1100km?) in two to three
locations. Species is rare even in its core
range, and possibly threatened by the
ongoing land-cover transformations. Climate
change on Borneo is projected to particularly
threaten highland species such a M. everetti
because potential upslope range shifts would
be impossible (Wilting et al., 2015b).

Loss of > 50% of the population in the 10
years preceding the assessment. Predicted to
intensify to reach a decline rate > 80% in the
following 10 years due to habitat degradation/
loss and the effects of introduced species,
notably the American mink, Neovison vison.
Western populations (France and Spain) have
a very low genetic variability. Genetic
introgression (0.9%) following hybridization
(3%) with European polecat, M. putorius,
occur at low levels (Maran et al., 2016).

Extirpated from most of its former range
(from northern Mexico to southern
Canada) mainly as a result of prairie-dog,
Cynomys spp., control programmes and
sylvatic plague (exotic disease introduced
to the wild population). Today occurs in the
wild as 17-22 reintroduced, small, and
restricted populations which are
intensively managed. Four of those are
self-sustaining (all in USA) and have a
combined range > 500km? Only

~300 wild-born mature individuals in 2015,
with two-thirds in the viable populations
(Belant et al., 2015).
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Table 1.2 (Continued)

Conservation Status in an Era of ‘Species Inflation’

Family and

scientific name’

Common name

Distribution

IUCN Red List
categorization

Main threats/concerns (Asssessors/reference)

Procyonidae

Nasuella
meridensis

Procyon
pygmaeus®

Viverridae

Chrotogale
owstoni

Cynogale
bennettii

Viverra
civettina®

Eastern
mountain
coati

Pygmy
raccoon

Owston’s civet

Otter civet

Malabar civet

Venezuela
(Andes)

Mexico
(Cozumel
Island)*

China, Lao,
Vietnam

Brunei,
Indonesia,
Malaysia,
Thailand

India (Western
Ghats)

EN

CR

EN

EN

CR

Very small known extent of occurrence
(770km?) with only five confirmed

and spatially aggregated locations. Slight
but ongoing loss of cloud forests and
Paramo habitats leading to population
decline (Gonzéalez-Maya &

Arias-Alzate, 2016).

Small population (~190-570 mature
individuals) confined to Cozumel Island
(488 km?). Although population size is
likely to fluctuate, the overall trend is a
rapid decline caused by ongoing human
encroachment (urban growth,
development, tourism) into the remaining
habitat fragments, invasive predators and
pathogens, road network expansion and
the increasing magnitude/severity of
hurricanes (Cuaron et al., 2016).

Dramatic population decline (> 50%) due
to overexploitation, with habitat
fragmentation exacerbating the speed at
which this civet is extirpated. Exposed to
high levels of snaring and other forms of
ground-level trapping. Wider occurrence in
montane forest and karstic areas, into
which industrial snaring has not yet widely
spread (Timmins et al., 2016a).

Primary habitat (forested, lowland
wetlands) and population have declined
by > 20% in the 10 years preceding the
assessment. Remaining habitat is
discontinuous and habitually degraded.
Water sources are often polluted. Snaring
is also a threat. Population size is
plausibly < 2500 mature individuals
(Ross et al., 2015).

This species is possibly extinct because
there are no recent reliable records since
1989 despite surveys (including with
camera-trapping) in potentially suitable
habitats. In any case, population size does
not exceed 250 mature individuals
(Mudappa et al., 2016).

(Continued)
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Table 1.2 (Continued)

Family and IUCN Red List
scientific name” Common name Distribution categorization Main threats/concerns (Asssessors/reference)
Viverra Large-spotted Cambodia, EN Past and projected dramatic population
megaspila civet China (?), Lao, decline (> 50%) over the previous/next 15
Malaysia, years due to the combined effects of
Myanmar, trade-driven overexploitation and habitat
Thailand, destruction/fragmentation. Species living
Vietnam (?) almost exclusively in level lowland which

is sought for conversion to agriculture,
infrastructure, and settlement (Timmins
et al., 2016b).

Population trends are deemed decreasing for all species, except for the population of the Iberian lynx, which is increasing. Island

endemics are indicated with an asterisk.

“When relevant, alternative taxonomic treatments are provided in Appendix A.
bMolecular studies of Veron & Goodman (2018) have suggested that Eupleres major does not differ from E. goudotii (eastern

falanouc), but additional studies are needed to confirm this.

“Veron et al. (2017) have now shown that Grandidier’s vontsira should be considered a subspecies of broad-striped vontsira, namely
Galidictis fasciata grandidieri, and that therefore the conservation status of the latter species should be reassessed.

dTreated as a separate species from Procyon lotor based on morphometric and genetic differences (McFadden et al., 2008; McFadden &
Meiri, 2013). However, a reanalysis of the genetic data currently available suggests that the pygmy raccoon should be treated as a synonym
of Procyon lotor hernandezii (Wagler, 1831), and, therefore, its conservation status may have to be revised (Louppe et al., 2020b).

¢Nandini & Mudappa (2010) argued that Viverra civettina is possibly the same species as V. megaspila following transport of

individuals to the Western Ghats (southern India).

IThis species is regarded as Possibly Extinct in China and Vietnam (Timmins et al., 2016).

transported and introduced purposefully or involun-
tarily by humans have also brought about a series of
challenges for indigenous small carnivores, leading to
population size reductions attributable to the negative
effects of alien predators, competitors, and pathogens,
and this particularly on islands (Cuarén et al., 2004;
Farris et al., 2017; Rasambainarivo et al., 2017). The
burgeoning human population and wildlife trade in
Asia - for meat, medicinal use of body parts and the
pet industry - is of particular concern (Siriwat &
Nijman, 2018; Nijman et al., 2019; Willcox, 2020). The
potential effects of human-driven climate change on
small carnivores are difficult to predict with accuracy.
Some species are likely to be affected more severely
than others, notably those living on islands (Struebig
et al., 2015), but climate change may also lead to an
increase in the distribution range of several species
(Pandey & Papes, 2018). For example, projections
based on ecological niche modelling suggest that
introduced and invasive species such as northern rac-
coon and small Indian mongoose will expand their
geographic range, and that by 2050, they will have an

increasing influence on ecosystems and biodiversity,
particularly in Europe (Louppe et al., 2019, 2020a).
More generally, small carnivores may not be directly
affected by climate change per se, but could theoreti-
cally be impacted by a change (reduction or increase)
in the abundance of food resources.

The anthropogenic threats listed above are not
exclusive to Endangered and Critically Endangered
species as they affect and negatively impact Vulnerable,
Near Threatened, and Least Concern species as well;
hence, the need for at least a periodical reassessment
of the conservation status of each species. Figure 1.4
shows that small carnivores generally fare better than
large carnivores when it comes to conservation status,
with a lower percentage of species being categorized
as Near Threatened or threatened sensu lato. However,
because small carnivore species richness is nine times
higher than that of large carnivores, a much larger
number of small carnivore species are threatened
worldwide. The potentially grave ecosystem-wide
implications of the extirpation of large carnivores
across the globe are raised later in this chapter.
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As discussed above, the apparent increase in the
number of small carnivore species worldwide is
primarily related to recent species splitting and pro-
posals to elevate some subspecies to species level.
While some (suggested) changes were grounded on a
solid combination of morphological, molecular, and
biogeographic data, other cases relied singly on phe-
notypic variations or single molecular-marker (often
mitochondrial DNA) analyses. The latter, in combina-
tion with the recent use of the phylogenetic species
concept based on diagnosability, has led to what some
call an unwarranted ‘species inflation’, with some seri-
ous conservation implications (see e.g. Zachos et al.,
2013). While the term ‘species’ is generally regarded by
governments and most funding bodies as the appropri-
ate taxonomic unit when it comes to conservation,
both taxonomic inflation and inertia have benefits and
drawbacks (Zachos, 2013; Gippoliti et al., 2018). It is
likely that structured and concerted team efforts, such
as that demonstrated by the IUCN SSC Cat Specialist
Group to revise the taxonomy of the Felidae (Kitchener
et al., 2017), would ensure an accurate evaluation of
the contentious cases. Periodical literature reviews or
reassessments of the taxonomy and systematics/phy-
logeny of carnivore subgroups are also particularly
encouraged (see e.g. Veron, 2010; Helgen et al., 2013;
Sato, 2016; Zrzavy et al., 2018; Alvares et al., 2019; Sato
& Wolsan, Chapter 2, this volume; Veron et al.,
Chapter 3, this volume), especially considering the
fast pace at which the field of molecular biology is
developing. Irrespective of their taxonomic rank,
genetic lineages of high conservation priority (either
already or yet to be identified) should receive full
attention from governments and conservation organi-
zations (Thakur et al., 2018). For the sake of conserva-
tion, informed scientists should make it a responsibility
to educate the designated authorities about the logic
underlying their recommendations. In view of the
evolving nature of biological lineages, ‘species’ or ‘sub-
species’ are somewhat arbitrary terms used to describe
unique biological entities (i.e. taxa) that share distinct,
transmissible biological characteristics. Considering
that recent reference works recognize the existence of
between 990 (Wilson & Mittermeier, 2009) and 1233
(Wozencraft, 2005) subspecies of terrestrial carnivores,
prioritizing may be called for irrespective of whether a

Ecological Roles of Carnivores

focal taxon is called a ‘species’ or ‘subspecies’. For
example, Wilting et al. (2016) have convincingly dem-
onstrated the conservation significance of the Javan
leopard, Panthera pardus melas, subspecies for which
only a few hundred individuals still live in the wild.
When relevant, zoologists and conservationists should
work hand in hand to define Evolutionary Significant
Units (Ryder, 1986) as well as Management Units
(Moritz, 1994), as notably proposed for the Andean
cat, Leopardus jacobita (Cossios et al., 2012), and the
Pampas cat, Leopardus colocola (da Silva Santos et al.,
2018). Conservation actions would then have to be pri-
oritized based on the threat level pertaining to those
‘operational units’ under the species level.

Ecological Roles of Carnivores

Large carnivores such as lions, tigers, brown bears or
grey wolves, Canis lupus, or brown bears, have drawn
considerable attention from researchers. This is firstly
due to their charisma, as indeed humans have long
been fascinated by these magnificent creatures.
Secondly, emphasis on research effort is a result of the
potential of these species to be involved in human-
wildlife conflicts (e.g. Rajaratnam et al., 2016;
Penteriani et al., 2017, Moreira-Arce et al., 2018;
Kelly et al., 2019; Ugarte et al., 2019; Reyna-Saenz
et al., 2020) and the ensuing persecution and threats
to several species and/or local populations (e.g. Bauer
et al., 2015; Jacobson et al., 2016; Trinkel & Angelici,
2016; Durant et al., 2017). Recovery of large carni-
vore populations and co-existence with humans,
however, are not impossible, as exemplified by the
current situation in Europe with grey wolves and
brown bears (Chapron et al., 2014). Reintroductions
and rewilding may also assist in this context (Hayward
& Somers, 2009; Wolf & Ripple, 2018; Linnel &
Jackson, 2019; but see Alston et al., 2019). Certainly,
large carnivores and the ‘landscape of fear’ they cre-
ate are vital for the regulation of land and aquatic
ecosystems through cascading interactions across
trophic levels. This has been dealt with in great depth
in a large body of empirical and theoretical literature
spanning two decades (e.g. Wright et al., 1994;
Palomares et al., 1995; Terborgh et al., 1999; Ripple &
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Beschta, 2004; Ray et al., 2005; Johnson et al., 2007;
Ripple et al., 2014; Suraci et al., 2016; Leempoel et al.,
2019; Hoeks et al., 2020). Recent studies have shown
that the presence of top carnivores constrains the dis-
tribution and/or abundance of mesocarnivores
(Newsome et al., 2017; Davis et al., 2019; Jiménez
et al., 2019; Prugh & Sivy, 2020). On the other hand,
apex carnivores may facilitate resource partitioning
through the provision of carrion to smaller carni-
vores (Sivy et al., 2018; Ruprecht et al., 2021; cf. Prugh
& Sivy, 2020) and facilitate overall species co-
existence in both natural and altered ecosystems
(Wallach et al., 2015b). Equally, there is strong math-
ematical support showing that top predators sensu
lato may induce the evolutionary diversification of
intermediate-size predator species (Zu et al., 2015).

Small carnivores, although represented worldwide
by many more species, are often mistakenly thought to
exert a weaker ecological influence at the ecosystem
level. Although they do not impact on the same spec-
trum of prey as large carnivores, they are similarly
important ecosystem regulators through structuring
invertebrate and/or small mammal communities,
including in rural agro-ecosystems (e.g. Williams
et al., 2018), which, in turn, may affect both lower and
higher trophic levels (Roemer et al., 2009). They may
also be important in seed dispersal (e.g. Koike et al.,
2008; Lopez-Bao & Gonzalez-Varo, 2011; see review in
Nakashima & Do Linh San, Chapter 18, this volume),
which may both enhance forest regeneration and plant
gene flow (Jordano et al., 2007), thus reducing inbreed-
ing depression. The roles of small carnivores in shap-
ing ecosystems have also been shown through
accidental introductions, which have been numerous
for this group of predators (Boitani, 2001; Gantchoff
et al., Chapter 20, this volume). Finally, where large
carnivores have been extirpated by humans - directly
by persecution or through habitat modifications -
small carnivores have or may become dominant pred-
ators in these ecosystems. This may alter their
abundance, ecological roles, and importance in the
corresponding food webs, and sometimes destabilize
communities, drive local extinctions, and reduce over-
all biodiversity (e.g. Trewby et al., 2008; Prugh et al.,
2009; Colman et al., 2014; Wallach et al., 2015a; Alston
et al., 2019; Cove & O’Connell, Chapter 21, this
volume).

Research Efforts on Carnivores

Although small carnivores have been the focus of
numerous research projects over the past several dec-
ades, smaller species have not received the same atten-
tion as that bestowed upon large carnivores. In
addition, there is a huge disparity in the research efforts
directed toward small carnivores, with some species
intensively studied and others superficially or not at
all. Brooke et al. (2014) reviewed 16367 peer-reviewed
papers focusing on at least one of the 286 species of the
order Carnivora (including pinnipeds; Wozencraft,
2005) published from 1900 to the end of 2010.
Unsurprisingly, they found that the most charismatic
families of terrestrial carnivores were over-represented
in the literature; namely Canidae (3387 publications),
Felidae (2968), Ursidae (2002), and Hyaenidae (319),
the sum of which corresponds to exactly two-thirds of
all papers published on terrestrial carnivores. When
the number of species per family was taken into
account, the ranking remained relatively unchanged,
with the Ursidae topping the list (with an average of
250 papers per species), followed by the Canidae (97),
Hyaenidae (80), and Felidae (74). By comparison, the
best-studied family of (mostly) small carnivores, the
Mustelidae, was the subject of an impressive 2968
papers, but this corresponds to an average of only 49
papers per species. However, the above values are
somewhat misleading because the distribution of
papers within families is further biased toward the
large species. Among the Felidae, for example, 52% of
the papers focused on the 7 large felids, while the
remaining 48% were dedicated to the 33 species of
small felids (Z. Brooke, personal communication).
Comparable trends were observed for the Canidae,
with the notable exception of the ‘small’ red fox, which
generated an imposing 923 publications. Similarly,
among the Mustelidae, 4 species accounted for 46% of
all publications for this family (rich of at least an addi-
tional 55 species); these are the European badger (517
papers), Eurasian otter (369), European polecat (233),
and stoat (228). Research emphasis seems to be attrib-
utable to a series of additive factors: large distributional
range, initial higher research effort by European zoolo-
gists, lack of larger carnivores (notably in the UK and
Ireland, where natural history studies have always
played a preponderant role), the implication of some
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species in major zoonoses (rabies, bovine tuberculosis,
and sarcoptic mange), and introductions to non-native
environments leading to undesirable effects on native
wildlife. Other species-rich families such as the
Herpestidae and Viverridae averaged only 10 and 6
papers per species, respectively. Similarly, low average
numbers of papers were obtained for the Mephitidae
(18) and Eupleridae (5). Strikingly, there were no
records of publications on 28 small carnivore species
from 7 families, including 9 mongoose, 6 mustelid, and
5 viverrid species. Among Herpestidae, group-living
species such as meerkats, Suricata suricatta, and
banded mongooses, Mungos mungo, have attracted
most of the attention, as they have been used as model
species to understand the evolution of sociality. Of
course, this literature survey would not have picked up
‘grey literature’ (e.g. technical reports or unpublished
academic theses), papers published in small regional
journals, or those written in languages other than
English. Overall, however, the results clearly confirmed
the suspicion that, until the end of 2010, there was a

Research Efforts on Carnivores

massive disparity in the research efforts on large vs.
small carnivore species globally.

Considering the relatively recent and in-depth bib-
liometric studies of Brooke et al. (2014), and the broad
but general scope of this introduction, we did not aim
to undertake a detailed analysis of the evolution of the
number of papers published over the last decade on
each of the > 232 species of the world’s small carni-
vores. Rather, we sought to understand whether the
situation had improved. To that end, two literature
datasets that we retrieved and analyzed provide some
interesting insights.

We first ran a search for all the publications contain-
ing a combination of keywords referring to small car-
nivores (see details in Figure 1.5 caption) as a topic
using all databases accessible in Web of Science
(Clarivate Analytics). The output list was then
imported into EndNote X7.8 (Thomson Reuters) and
curated, after which all papers that did not focus on
carnivoran, terrestrial predators were discarded.
This exercise yielded a total of 618 articles published
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Figure 1.5 Number of scientific publications from 1990 to 2020, as retrieved from the Web of Science database (https://
apps.webofknowledge.com). The purple continuous line corresponds to the number (n) of publications with the terms ‘small
carnivores,‘ mesocarnivores, mesopredators’ or ‘mid-size(d)/medium-size(d) carnivore(s)/predator(s)’ included in the title. The
purple dashed line represents all publications with the same keywords as a topic. The green continuous line depicts
publications with the terms ‘large/top/apex carnivore(s)/predator(s)’ in the title. Datasets were curated to only include
publications on terrestrial members of the order Carnivora. The years of publication of five seminal papers or reviews on the

roles of mesopredators are also indicated in the graph.
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between 1990 and 2020. Providing that this subsample
is representative of the trends that would have been
observed had all publications been searched for (i.e.
with the > 232 species scientific and English names
used as keywords) and curated, Figure 1.5 suggests
that the number of publications on small carnivores
has increased in a nearly exponential fashion since
1990, with a significant increase only taking place
from 2009 onward. During that year, three seminal
review papers were published: one focusing on the
ecological role of mesocarnivores (Roemer et al.,
2009); another on the rise of mesopredators in ecosys-
tems where apex predators have been extirpated
(Prugh et al., 2009) - a phenomenon known as ‘meso-
predator release’ (Soulé et al., 1988; Litvaitis &
Villafuerte, 1996; Courchamp et al., 1999; Jachowski
et al., 2020); and a third arguing that effective biodiver-
sity conservation requires proper knowledge of preda-
tor interactions and understanding of the mechanisms
underlying mesopredator release (Ritchie & Johnson,
2009). There is no doubt that these now well-cited
publications have highlighted the roles and impor-
tance of the smaller carnivores, thereby boosting
research effort on them.

In a second step, to infer whether the research efforts
were focusing on small carnivores as research models
rather than on species per se, we restricted the above
dataset to publications that included any of the
selected keywords in the title. This reduced the total to
207 articles. As apparent in Figure 1.5, the number of
publications meeting this new criterion increased over
the past decade, but not as sharply as the overall num-
ber of publications whose main topic was small carni-
vores. This difference may indicate that although
small carnivores are receiving more attention from the
scientific community as model organisms (for exam-
ple, to test the mesopredator release theory), there
might also be an increased focus on the general bio-
logy, ecology, and conservation of these fascinating
organisms. This discrepancy in numbers seems to be
accounted for by the current boom in camera-trapping
studies worldwide (Rich et al., 2017), accompanied by
an exponential increase in publications (Rovero &
Zimmerman, 2016) which have provided insights into
the distribution, relative abundance, activity patterns,
and interspecific relationships of numerous mamma-
lian species.

As a third and last step in evaluating how small car-
nivore research fared in comparison with that on the
larger species, we searched for all the publications
containing a combination of keywords referring to
large carnivores in the title of the article (see details in
Figure 1.5 caption). This new search yielded a total of
659 curated articles published between 1990 and 2020.
The same search with the selected keywords as topic
yielded over 83000 non-curated references. While a
large number of those seemed to be unrelated to our
target keywords, it is clear that several thousands of
papers focusing on large carnivores have been pub-
lished over the last 10 years. These literature searches
strongly suggest that research on carnivores is still dis-
proportionately geared toward the larger species.
While it is possible that the observed increase in small
carnivore research is partly or even largely due to (and
therefore proportional to) an overall increase in the
research efforts and scientific publications over the
past decade, it is reassuring to see that small carni-
vores have at least been included in this trend.
Whatever the reason(s) behind the nearly exponential
increase in the number of publications, it signifies an
increase in both our interest and scientific knowledge
of small carnivores.

A preliminary examination on the major institu-
tions driving the research and the regions where small
carnivore research is taking place reveals that research
efforts are not equally distributed. About one-third of
the research is carried out in North or Central America,
East Africa, and Southeast Asia by teams led by North
American scientists. An equal amount of research
output is produced by European researchers (UK/
Ireland, Spain, France, Germany, Portugal, Italy, and
Scandinavia), working in Europe, as well as in North
and Equatorial Africa, Arabia, and Southeast Asia.
The last third of publications emanate from Australia,
South Africa, Brazil, India, China, and the rest of the
world, with research generally taking place in the
home country of the researchers with the exception of
some Japanese researchers working in Equatorial
Africa and Borneo.

The general trends depicted above seem to be only
partly reflected in the geographic coverage of articles
and notes published in Small Carnivore Conservation
(SCC), the scientific journal of the ITUCN SSC Small
Carnivore Specialist Group. Indeed, 41% of papers
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published until March 2017 in SCC comfortingly
focused on Asian small carnivore species (Gonzalez-
Maya & Ramirez-Chaves, 2017). In contrast, other
continents have been largely under-represented, with
only 13% and 11% of publications dealing with African
and American species, respectively (cf. continental
proportions of small carnivore species in Figure 1.2).
To remedy this unbalance in coverage, however, SCC
has recently encouraged and promoted research in the
Americas (and particularly in South and Central
America; Schipper et al., 2009) and in Africa (Do Linh
San & Somers, 2013) through the production of dedi-
cated Special Issues. Currently, the majority of publi-
cations in SCC report on faunal surveys, new range
records, and unusual behaviours. Often these reports
arise as by-products of research projects focusing on
other animal taxa.

For all of the reasons listed above, it now appears
that the tide is changing with regards to prioritizing
small carnivore studies. We hope to see more small
carnivore-dedicated work in the future, particularly
where species richness and diversity are high and
where knowledge gaps are apparent. In particular,
research on threatened and Data Deficient species
(sensu TUCN, 2021) is of critical importance.

Purpose and Structure of the Book

This book aims at filling a gap in the scientific litera-
ture by elucidating the important roles of the world’s
small carnivores and documenting the latest knowl-
edge acquired on them. Specifically, our plan was to
bring together contributions dealing with several
aspects of small carnivore evolution, ecology, behav-
iour, and conservation biology. While several recent
books have focused on restricted taxa of small carni-
vores (Harrison et al., 2004; Santos-Reis et al., 2006;
Aubry et al.,, 2012; Proulx & Do Linh San, 2016;
Zalewski et al., 2017), this volume deals with a wide
range of species belonging to numerous families. The
species of interest predominantly include badgers,
martens, otters and allies (Mustelidae), civets, genets
and allies (Viverridae), mongooses (Herpestidae),
raccoons (Procyonidae), and skunks (Mephitidae).
Other taxa, i.e. the smaller representatives of the
Canidae and Felidae families, are well represented in
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whole-taxocenosis studies, meta-analyses and reviews;
several of these species have also been covered com-
prehensively in books edited by Macdonald & Sillero-
Zubiri (2004) and Macdonald & Loveridge (2010),
respectively. A recent addition to this series — pub-
lished during the preparation of this book - deals with
several aspects of the biology and conservation of
musteloids (Macdonald et al., 2017). This is encourag-
ing and further indicates that small carnivores are pro-
gressively enjoying the research attention they deserve.

While a wide range of methods are described and
used by the numerous authors of this edited book, no
section is specifically dedicated to research techniques.
Readers seeking greater details, including more techni-
cal information on the methods currently used in carni-
vore research and more broadly in animal ecology, are
encouraged to consult books dedicated to these topics,
i.e. edited works by Boitani & Fuller (2000), Long et al.
(2008), O’Connell et al. (2011), Boitani & Powell (2012),
Silvy (2012a,b), Meek et al. (2014), and Rovero &
Zimmerman (2016). The books edited by Gittleman
(1989, 1996), Gittleman et al. (2001), and Goswami &
Friscia (2010) also provide complementary information
on several aspects of carnivore behaviour, ecology, evo-
lution, and conservation.

The present volume contains a series of broad
reviews (nine chapters) on systematics, biogeography,
ecomorphology, ecology, and conservation issues,
including some meta-analyses. However, due to the
paucity of data available for several disciplines, com-
prehensive reviews of all topics were not always pos-
sible. Instead, some contributors were invited to write
chapters summarizing their research work on the
autecology, interspecific interactions, and/or conser-
vation of selected small carnivore species (three chap-
ters). Finally, as mentioned above, the field of small
carnivore research is just stepping out of its infancy
and, thus, the future will continue to be one of funda-
mental research. Hence, the book also contains 10
original research papers that will bring new insights
into a wide range of disciplines, including morpho-
logical studies, movement ecology, disease dynamics,
and interspecific interactions.

Following the present introductory chapter
(Part I), the core of the book is divided into four main
parts. Contributions were allocated to one of four sec-
tions, even though some chapters deal with a broad
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range of topics and could have been classified in any of
two or even three sections. For example, ecological
studies presented here often had important implica-
tions for management and conservation, especially
those carried out in human-dominated, and hence,
modified or degraded landscapes.

Part II consists of five chapters focusing on evolu-
tion, systematics, and distribution. These topics
are in themselves important in terms of general biol-
ogy and often carry implications for the conservation
of biodiversity. Recent molecular phylogenetic
approaches have overwritten the traditional taxonomy
based on phenotypic characters (e.g. morphology) and
have detected many homoplasious convergent evolu-
tions (Springer et al., 2004). Resolving the taxonomic
issue and setting the unit are required as a premise in
the field of conservation biology (Frankham et al.,
2010). Molecular data have also greatly improved our
understanding of how the clade genesis is correlated
with the Earth’s environmental changes (Condamine
et al., 2013) or how indices for conservation prioritiza-
tion could be obtained (e.g. EDGE; Isaac et al., 2007).

The first two chapters of this section deal with taxo-
nomic, evolutionary, and conservation issues by focus-
ing on molecular phylogenetics. In Chapter 2, Jun J.
Sato and Mieczyslaw Wolsan review the molecular
phylogenetic studies on the long-standing evolution-
ary puzzle presented by the taxonomic position of the
red panda and describe the promising approaches that
have reliably elucidated caniform carnivoran phylog-
eny. They further provide an up-to-date subfamily
classification of the family Mustelidae (weasels, mar-
tens, otters, badgers, and allies; Caniformia), and show
a correlation between lineage diversification and
global climatic change. Their review also suggests that
the priority for species conservation should be inferred
from the supermatrix-based phylogenetic tree instead
of the supertree that has commonly been used. In
Chapter 3, Géraldine Veron, Marie-Lilith Patou, and
Andrew P. Jennings review the molecular systematics
of the family Herpestidae (mongooses and allies;
Feliformia) as well as the Malagasy ‘mongooses’ cur-
rently classified into Eupleridae, and provide a novel
taxonomic framework especially for the Asian mon-
gooses (the genus Urva) based on a reliable molecular
phylogeny. Using this phylogeny, they also discuss the
evolution of life-history traits such as sociality within

this family and conclude that the evolution of sociality
occurred once during the Late Miocene to Pliocene in
Africa, with more open habitats likely favouring
group living.

The following chapters adopt rapidly developing sta-
tistical approaches, species distribution modelling
(SDM; Svenning et al., 2011), ecomorphology
(Werdelin & Wesley-Hunt, 2010), and/or ecometrics
(Polly et al., 2011) analyses, combined with environ-
mental variables available in the WorldClim database
(Hijmans et al., 2005). These methodologies are useful
to assess the evolutionary responses (e.g. adaptation)
to the biotic and/or abiotic environmental changes. In
particular, adaptation should be considered in defin-
ing how to conserve populations or species (Funk
et al., 2012). In Chapter 4, Robert S. Sommer and
Jennifer J. Crees review the subfossil evidence of the
past distributional history of small carnivores in
Europe during the Late Pleistocene, and discuss how
climatic changes and human activity influenced their
distribution. They propose species-specific refugia and
post-glacial recolonization patterns for small carni-
vores in Europe. The inference of the past distribution
based on SDM suggests that, in contrast to the case of
large carnivores, small carnivores were resilient to
human impacts during the Holocene. In Chapter 5,
Carlo Meloro examines the ecomorphology of small
carnivore assemblages in six independent terrestrial
ecosystems and shows that tropical guilds in Gunun
Lensang, La Amistad, and Yasuni assemblages possess
a higher diversity in mandible shape, while guilds in
higher latitudes (Krokonose, Kruger, and Yellowstone)
exhibit a shortage of some parts in the mandible mor-
phospace. His ecometrics analysis also shows that the
amount of lagomorphs and precipitation in the focal
study sites are correlated with a higher morphological
disparity, hence highlighting the likely importance of
biotic and abiotic environmental changes on the his-
torical community assembly of small carnivore guilds.
In Chapter 6, Adam W. Ferguson, Richard E. Strauss
and Robert C. Dowler investigate coat-colour varia-
tions in the North American hog-nosed skunk,
Conepatus leuconotus. They present a novel statistical
technique to assess quantitative morphological varia-
tions and clarify that the amount of the dorsal white-
ness in this skunk species is larger in individuals living
in open and dry habitats in northwestern parts of the
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distribution range (Arizona, Colorado, New Mexico,
and northern Mexico), while individuals with less dor-
sal whiteness (or more blackness) are restricted to
lower latitude areas, namely the Gulf of Mexico and
Central America. Their statistical ecometrics analyses
suggest that canopy cover, ground surface moisture,
and/or ambient temperature might explain the
observed coat-colour variations. Their results are con-
sistent with the intermediate aposematism hypothesis,
which posits that there is a selective balance between
conspicuousness and crypsis in aposematic animals.

Part III comprises six chapters focusing on ecol-
ogy, behaviour, and - peripherally - diseases
through contributions that are largely based on or
derived from data collected in the field. As alluded
previously, basic natural history data are still missing
for a majority of small carnivore species, thus, field
studies are paramount. In addition to providing base-
line biological and ecological information, field stud-
ies contribute empirical data to laboratory and
computer (modelling) analyses.

A large number of mammals (see review table in
Droscher & Kappeler, 2014), including carnivores, use
latrines which are believed to play an important role in
olfactory communication. In Chapter 7, Christina D.
Buesching and Neil R. Jordan review the available lit-
erature and show that detailed knowledge of specific
information exchange is still lacking for most carni-
vores. They present an innovative and well-thought-
out research framework to test hypotheses about the
function of latrines in carnivores and other species.
Relying on their extensive field experience, they then
review current knowledge on latrine use in three small
carnivore species and test some of the hypotheses put
forward to explain the function(s) of latrines. The
authors highlight that a combined approach (namely
spatial, temporal, individual-based, and signal-
content-related) is needed to clarify the function(s) of
latrines in different species.

In the UK and Ireland, the European badger makes
extensive use of latrines. This species is also a known
reservoir and vector of bovine tuberculosis (Gallagher
& Clifton-Hadley, 2000). Bovine tuberculosis is an
infectious disease that not only causes animal health
issues but also economic and logistical hardship to
livestock farmers (McCulloch & Reiss, 2017). Extensive
knowledge of badger ecology and behaviour is

Purpose and Structure of the Book

therefore vital in this context. In Chapter 8, Andrew
W. Byrne, James O’Keeffe, and S. Wayne Martin study
the movement patterns of European badgers in Ireland
based on an extensive mark-recapture dataset col-
lected at a large spatial scale. Their analytical models
suggest that density-dependent mechanisms affect
badger movement patterns within subpopulations.
Movements are generally shorter and less frequent in
higher-density than lower-density areas. However,
there was no net tendency for badgers to move into
higher- or lower-density subpopulations. The authors
discuss the implications of these findings for under-
standing the dynamics of bovine tuberculosis across
badger populations in rural areas.

Human activities taking place in agricultural land-
scapes globally are expected to have some direct and
indirect effects on a majority of organisms. In
Chapter 9, Diego F. Castillo and Mauro Lucherini
investigate the behavioural adaptations of Molina’s
hog-nosed skunk, Conepatus chinga, to human-
modified landscapes in Argentina. These authors
found considerable behavioural plasticity by skunks
that facilitated the species’ persistence in their agricul-
tural study site, but conclude that the loss of grass-
lands through conversion to agricultural land is likely
decreasing skunk abundance across the Pampas.

In extreme cases, some highly adaptive small carni-
vore species have been able to successfully colonize
urban areas thanks in part to their eclectic diet (for a
recent review, see Gehrt et al., 2010). Due to the high
abundance of certain food resources in urban areas,
some species may reach higher densities than in their
natural habitats, hence becoming synurbic, sensu
Francis & Chadwick (2012). In Chapter 10, Jan Herr
and Timothy J. Roper used radio-telemetry to investi-
gate the activity rhythms of the stone marten, Martes
foina, in urban areas, and question whether these may
be affected by anthropogenic factors. Interestingly,
their results strongly suggest that behavioural adapta-
tion in urbanized habitats occurs primarily by tempo-
ral avoidance, rather than by tolerance, of human
activity.

Other small carnivore species such as the European
mink, Mustela lutreola, which is listed as Critically
Endangered by IUCN (2021), may face more challeng-
ing scenarios especially when infectious diseases are
among their mortality factors. In Chapter 11, Christine
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Fournier-Chambrillon and several co-workers moni-
tored a mink population over nine years in Navarre
(Spain) and recorded a population crash concordant
with a canine distemper virus outbreak. The popula-
tion seems to have recovered slowly, but the authors
advocate that strong conservation measures for this
and all other relictual nuclei populations of the west-
ern European mink are urgently needed.

As noted previously, camera-trapping is now a wide-
spread and effective sampling technique in wildlife
research (McCallum, 2012; Wearn & Glover-Kapfer,
2019). However, the use of camera-traps requires
proper planning and survey design (Ancrenaz et al.,
2012; Wearn & Glover-Kapfer, 2017; Kays et al., 2020).
Camera-traps are attractive because they allow
researchers to detect or confirm the presence of spe-
cies in targeted areas and determine species richness,
diversity, and community structure (Ahumada et al.,
2011; several chapters in Meek et al., 2014). They also
allow to obtain abundance and density estimates
(Carbone et al., 2001; Nakashima et al., 2017), although
some concerns were raised about the accuracy of such
estimates when the field study design violates key
assumptions (Foster & Harmsen, 2012; Sollmann
et al., 2013; Tobler & Powell, 2013; Rogan et al., 2019).
The use of camera traps also enable to gather prelimi-
nary information on activity patterns of target species
(Rowrcliffe et al., 2014; Frey et al., 2017; Botts et al.,
2020) and evaluate their spatial occupancy, distribu-
tion, habitat use and daily movements and ranges (e.g.
several chapters in O’Connell et al., 2011; Allen et al.,
2018; Dechner et al., 2018; Palencia et al., 2019). Lastly,
two- or multi-species occupancy models and temporal
overlap analyses allow to infer competition or coexist-
ence (Gerber et al., 2012; Haidir et al., 2018; Li et al.,
2019; Santos et al., 2019; Mills et al., 2019), as well as
predator-prey and other interactions (Cusack et al.,
2016; Pudyatmoko, 2019; Dias et al., 2019; Vilella et al.,
2020). This technique is particularly applicable to
understudied species that are relatively small, noctur-
nal, elusive, and/or live in dense cover. For example,
little is known of the ecology of the African civet,
Civettictis civetta, including its abundance and density
in different habitat types. Lisa Isaacs, Michael J.
Somers, and Lourens H. Swanepoel (Chapter 12) pro-
vide the first density estimates of the largest African
viverrid across a landscape gradient, with densities

reaching as high as 13individuals/km?. The authors
highlight the value of using ‘by-catch’ (camera-trap)
data obtained during non-invasive surveys of large
charismatic species for understanding aspects of small
carnivore ecology. More importantly, they emphasize
the need to understand small carnivore abundances
and the factors that influence them, in particular,
guild-level effects and the role of anthropogenic
drivers.

Part IV contains seven chapters that focus on inter-
specific interactions and community ecology in
relation to management and conservation. In
Chapter 13, Zach J. Farris and his colleagues used
camera-trapping and a new spatio-temporal technique
to demonstrate that the spotted fanaloka, Fossa fos-
sana, a native and Vulnerable (sensu TUCN, 2021)
Malagasy carnivore, is likely excluded from degraded
forests by the introduced small Indian civet, Viverricula
indica. The authors propose management options and
correctly highlight that their novel analytical approach
has wide-ranging applications for conservation man-
agers working to address the negative impacts of intro-
duced species on indigenous wildlife. Luigi Remonti,
Aritz Ruiz-Gonzilez, and Alessandro Balestrieri
(Chapter 14) similarly explore the effects of interspe-
cific competition and habitat constraints on species’
distribution ranges and abundance, here focusing on
two indigenous nocturnal small carnivores in north-
ern Italy. Using a wide range of methods, these authors
convincingly demonstrate that the pine marten,
Martes martes, which is normally associated with
mature coniferous and mixed forests, has experienced
a southward range expansion reaching the intensively
cultivated Po-Venetian Plain. Colonization took place
by using the best-conserved riparian forests as corri-
dors; further expansion southward is constrained only
by the River Po. Genetic analyses revealed that this
expansion was concomitant with a range contraction
of the similar-sized stone marten, probably due to
interspecific food competition, as inferred from die-
tary analyses.

Competition among small carnivores may also take
place in space and time. Using remote-camera sur-
veys, Yoshihiro Nakashima and co-workers
(Chapter 15) show that most pairs of small carnivores
in Moukalaba-Doudou National Park (Gabon) differ
in either habitat use or time of activity, which may
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promote their coexistence in the rainforest across this
region. They propose that the relative proportion of
small carnivores over space and time likely reflects the
degree of degradation of the forest. Hence, mainte-
nance of habitat heterogeneity may be important for
the conservation of these species. A long-term camera-
trapping programme should prove a very useful moni-
toring tool. In Chapter 16, Aaron M. Haines, Lon I.
Grassman Jr, and Michael E. Tewes explore niche sep-
aration through resource partitioning in a carnivore
community in north-central Thailand. Using radio-
telemetry data, they investigated spatial overlap
between individuals from six sympatric carnivore spe-
cies and correlate this overlap with variables reflecting
differences in morphology, habitat use, and activity
patterns. Results show that species with greater differ-
ences in carnassial tooth length tend to avoid each
other spatially, whereas species that exhibit different
activity patterns in closed habitat cover display a
higher spatial overlap. The study therefore suggests
that smaller-toothed carnivores may try to avoid
antagonistic confrontations with larger-toothed carni-
vores. Interspecific competitive killing and intraguild
predation (involving prey consumption) are believed
to be important factors shaping the spatio-temporal
distribution of species in carnivore communities
(Palomares & Caro, 1999; Donadio & Buskirk, 2006).
With this context in mind, Colleen M. Begg and col-
leagues (Chapter 17) examined the interactions
between honey badgers, Mellivora capensis, and other
predators in the Kalahari semi-desert, South Africa.
During nearly 6000 hours of monitoring and field
observations of radio-tagged animals, the authors
recorded antagonistic interactions between honey
badgers and 12 other carnivore species. Intraguild pre-
dation (or attempted) was common, and honey badg-
ers acted both as predators and prey. In addition,
foraging associations between honey badgers and
seven other predator species (two mammals, five
birds) were recorded, mainly commensalist or pro-
ducer-scrounger interactions with black-backed
jackals, Canis mesomelas, and pale chanting
goshawks, Melierax canorus. These fascinating results
call for more observation-based research of interspe-
cific interactions at the community-wide scale.
Although labour-intensive and often physically
demanding, observational studies constitute a
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much-needed complement to other field and labora-
tory techniques, and, in many cases, are the only
method capable of obtaining specific information (e.g.
detailed interspecific interactions).

As noted earlier, not all small carnivores are strictly
carnivorous. Some species feed seasonally or exclu-
sively on fruit rather than on animal matter. In
Chapter 18, Yoshihiro Nakashima and Emmanuel Do
Linh San review the published literature on frugivory
and seed dispersal in small carnivores. The authors
show that small carnivores play a crucial role as seed
dispersers by transporting seeds beyond the crown of
the mother plant and subsequently defecating viable
seeds. While faeces (and seeds) are often deposited in
areas which may be unfavourable for plant growth, in
fragmented landscapes, frugivory coupled with long-
distance seed dispersal may promote vegetation recov-
ery and enhance plant-genetic diversity.

The fourth section of the book closes with an exten-
sive account by Andrew P. Jennings and Géraldine
Veron (Chapter 19) who synthesize the results of their
research work on the ecology and distribution of
Southeast Asian civets and mongooses. The authors
first report on the spatio-temporal ecology of Malay
civets, Viverra tangalunga, and short-tailed mon-
gooses, Urva brachyura, in Sulawesi and/or Peninsular
Malaysia, as determined through radio-telemetry.
They then report on the predicted distribution of 10
small carnivore species as estimated through ecologi-
cal niche modelling. Lastly, they present data from
their camera-trapping project on Sumatra, where they
detected only three small carnivore species. The Malay
civet seems to be the most affected by the extensive oil
palm plantations. In their discussion, the authors sug-
gest that forest-dependent civet and mongoose species
may be threatened by human activities such as forest
exploitation (leading to habitat loss, degradation, and
fragmentation), hunting, and wildlife trade.

Exploring this topic, Part V consists of four chapters
focusing on interactions between small carnivores
and people, as well as on conservation issues for
small carnivores, their prey, and possible com-
petitors. In their review on carnivore reintroductions,
Breitenmoser et al. (2001) listed 12 small carnivore
species, including the endangered black-footed ferret,
Mustela nigripes, which have been reintroduced in an
attempt to re-establish populations within their
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historical range. In other cases, translocations have
been used to supplement threatened populations (see
Bricker et al., Chapter 23, this volume). This contrasts
with the numerous cases of introductions of non-
native carnivore species, either domestic animals that
have turned feral, animals that have escaped from cap-
tivity, animals which have been accidentally trans-
ported, or (most frequently) animals that were
deliberately released (Boitani, 2001). In Chapter 20,
Mariela G. Gantchoff, Nathan S. Libal, and Jerrold L.
Belant summarized information on small carnivore
introductions worldwide and assessed, irrespective of
the cause of introduction, why some have succeeded,
yet others failed. They identified 253 documented
introduction events of 24 species from five families
(out of the nine dealt with by the ITUCN SSC Small
Carnivore Specialist Group), and show that introduc-
tion success is dependent on the absence of congeners
and preadaptation to the climatic conditions that pre-
vail in the introduction area, a larger body size cou-
pled with smaller litter size, and a carnivorous diet.
Interestingly, the number of individuals introduced
did not determine establishment success. As biological
invasions become increasingly widespread (Seebens
et al., 2018), understanding the biological and environ-
mental factors affecting introduction success is impor-
tant for conservation and management. Indeed, the
numerous introductions of small carnivores world-
wide sometimes resulted in adverse effects on threat-
ened and endangered species. Michael V. Cove and
Alan O’Connell (Chapter 21) highlight these issues
and summarize the effects which have included popu-
lation reductions and species extinctions, in some
instances, with effects that cascade throughout the
entire ecosystems. Improved methodologies to under-
stand the relative effects of small carnivores on threat-
ened species will help conservationists develop
management strategies that target the primary drivers
of species declines.

The importance of small carnivores to humans is
dependent on diverse subsistence, social, cultural, eco-
nomic, and religious values. Tim L. Hiller and Stephen
M. Vantassel (Chapter 22) synthesize extensive and
diverse literature to highlight the roles of these species
in human societies. From early use as subsistence
foods to current global marketing of species in the
fur trade and concerns from overexploitation as

bushmeat, use of small carnivores by humans is com-
plex and widespread. Effective regulation of legal and
illegal uses at national and international levels is nec-
essary to ensure the conservation of many species. As
an example, the distribution and abundance of North
American river otter, Lontra canadensis, has been
adversely affected by human persecution and habitat
degradation. Through telephone and email surveys,
Emily A. Bricker and her collaborators (Chapter 23)
documented a remarkable recovery of this species,
now occupying at least portions of its range in every
US state and Canadian province but one, with stable
or increasing populations. This recovery was due in
part to expansions of extant populations augmented
by numerous reintroductions. However, because of
vulnerability to overharvest, the authors recommend
that conservation strategies include effective harvest
management and field monitoring of the species dis-
tribution and status to identify threats that may
adversely affect their long-term recovery. In an adden-
dum, a subset of the authors also express concern
about the rationale for the extensive expansion in the
trapping of river otters that has ensued completion of
reintroduction projects.

The book closes with an Appendix section
(Part VI). For readers interested in particular species,
Appendix A lists the 232 species of small carnivores
considered by IUCN (2021) and informs on chapters in
which each species is dealt with or mentioned in this
book. The Appendix also provides alternative scien-
tific and common names (when relevant), average
body mass, global distribution, number of countries
where species are native or have been introduced, as
well as information on conservation status and popu-
lation trends. More details on the biology, ecology, and
conservation status of each species can be found in
Wilson & Mittermeier (2009), Hunter & Barrett (2018),
and IUCN (2021). Appendix B provides a list of the
main small carnivoran taxa that have been the subject
of discussions as to whether they should be attributed
species or subspecies level. Although detailed, the list
is likely not exhaustive considering the large number
of subspecies of small carnivores described and con-
sidered to date.

In summary, this compendium presents contribu-
tions based on a wide range of techniques, which we
suggest realistically reflect the state of our current
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knowledge on the world’s small carnivores. Further, it
illustrates the varied forms of scientific outputs
(reviews, meta-analyses, project syntheses, and origi-
nal research papers) that current and future small car-
nivore researchers may be expected to encounter and
produce throughout their careers. Many of the world’s
leading and upcoming small carnivore biologists con-
tributed a chapter, and we hope that this book will
become an important reference for all researchers, stu-
dents, and wildlife professionals working on evolution
(including genetics, phylogeography, taxonomy, and
systematics), ecology, behaviour, and conservation of
the world’s small carnivores. Although this volume
suggests that a substantial amount of knowledge has
been accumulated on at least a subset of small carni-
vore species, the field of small carnivore science
remains wide open. We therefore hope that this book
will stimulate much-needed research globally and
lead to exciting findings on these fascinating creatures.
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SUMMARY

Recent advances in phylogenetic resolution at higher taxonomic levels within the mammalian order Carnivora have been
stimulated by the increasing application of nuclear DNA, which is less homoplastic than mitochondrial DNA, and therefore
better suited for studying deep-level (e.g. among genera or older) relationships. Immense progress in sequencing nuclear
and mitochondrial DNAs from carnivoran species has resulted in a wealth of data in publicly available DNA databases,
allowing an improved understanding of phylogenetic relationships at every taxonomic level using the ‘total evidence’ super-
matrix or supertree method. Here, we review recent molecular systematic studies for one of the most enigmatic species, the
red panda, Ailurus fulgens,and show that the use of nuclear DNA, Bayesian and maximum likelihood phylogenetic inference,
and the supermatrix approach have improved the resolution of the phylogenetic position of this species. Secondly, we show
that such methodological improvements have also clarified the evolution of the family Mustelidae (weasels, martens, otters,
badgers, and allies). We demonstrate this in light of phylogeny, chronology, and historical biogeography and provide an up-
to-date subfamily classification of the Mustelidae. Finally, we discuss the implications of molecular systematics to setting
and defining conservation priorities on the basis of the EDGE (Evolutionarily Distinct and Globally Endangered) value, and
conclude that the supermatrix-based priority setting is preferable to the supertree-based one.

Keywords

Bayesian inference — Caniformia — EDGE — nuclear DNA — supermatrix — systematics

Introduction

Since the advent of DNA amplification and sequenc-
ing technologies in the 1980s, methods to sequence
DNA have been dramatically developed and we can
now obtain the genome sequence of an organism eas-
ily using next-generation sequencing techniques
(Glenn, 2011; Mardis, 2013). We are currently in the
stage where it is possible to apply genome-partitioning
approaches and clarify many evolutionary issues in

*Corresponding author.

genomic contexts even for non-model organisms
(e.g. Ekblom & Galindo, 2011; Rubin et al., 2012;
McCormack et al., 2013; Lemmon & Lemmon, 2013;
Blaimer et al., 2015; Bragg et al., 2016; Harvey
et al., 2016; Jones & Good, 2016; Sato et al., 2019).
During the development from traditional phylogenetic
to phylogenomic approaches, molecular phylogenetics
has revolutionized carnivoran systematics. However,
despite the wealth of molecular data, only recently
have the major systematic relationships within the

Small Carnivores: Evolution, Ecology, Behaviour, and Conservation, First Edition. Edited by Emmanuel Do Linh San, Jun J. Sato,

Jerrold L. Belant, and Michael J. Somers.
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order Carnivora been resolved. The questions that
should be asked here are: What was the limiting factor
in the resolution of carnivoran species relationships
and what was the revolutionizing factor? By reviewing
the historical development of data and methods in sys-
tematic studies, we can clarify the course that we
should follow to complete carnivoran phylogeny. In
this chapter, we first review molecular systematic
studies of the red panda, Ailurus fulgens, as an exam-
ple, to extract significant factors in data and/or meth-
ods which largely contributed to the clarification of
the deep-level phylogenetic relationships of the cani-
form Carnivora. Second, we use the family Mustelidae
to show that such factors also helped understand the
evolution and classification of the most diversified
carnivoran family. Finally, we argue that the phylog-
eny and chronology of the superfamily Musteloidea
elucidated by taking such revolutionizing factors into
account would provide a foundation to adequately
estimate the evolutionary distinctiveness that should
be considered when setting conservation priorities.

A Review of Molecular Systematic
Studies of the Red Panda

The red panda (Figure 2.1) constitutes the monotypic
family Ailuridae and its current distribution is
restricted to the Himalayan region in southern and
southeastern Asia (Wozencraft, 2005; Glatston, 2011).

Figure 2.1 Red panda, Ailurus fulgens, photographed in a
bamboo montane forest at the Himalayan foothills,
Singalila National Park, India. Source: Photo © Nick Garbutt
(www.nickgarbutt.com).

However, paleontological records suggest that related
species in Eurasia and North America existed (Morlo
& Peigné, 2010). The absence of closely related extant
species makes it difficult to estimate the phylogenetic
position of this orphaned species. The red panda is a
bamboo-feeder, as is the giant panda, Ailuropoda mel-
anoleuca (family Ursidae), and shows many pheno-
typic adaptations independently specialized to this
diet, including modified mandible, teeth, and cranial
chewing muscles to masticate the fibrous plant and
modified forearm to grasp bamboo (Fisher, 2011). In
addition, this species exhibits many primitive traits in
its cranium and dentition (Wolsan, 1993; Flynn
et al., 2000; Morlo & Peigné, 2010). Possession of both
specialized (adaptive) and ancestral characteristics
may have caused confusion in determining the relat-
edness of this species to other carnivorans. Consistent
with red panda biology, its phylogenetic affinity is a
longstanding conundrum in morphological systematic
studies. Four cladistic analyses using morphology
provided different hypotheses of red panda affinity: (i)
closely related to the Procyonidae (Flynn et al., 1988;
Wang, 1997); (ii) closely related to the Ursidae
(Wozencraft, 1989); (iii) closely related to the clade
including Ursidae and Pinnipedia (Wyss & Flynn, 1993);
or (iv) placed in an unresolved polytomy among major
lineages of the Musteloidea (Wolsan, 1993). Using
molecular phylogenetic approaches, the phylogenetic
position of the red panda has recently been deter-
mined as the closest relative of the clade of the
Mustelidae and Procyonidae to the exclusion of the
Mephitidae (Figure 2.2 and Table 2.1; Sato
et al., 2009, 2012; Eizirik et al., 2010; Yu et al., 2011a).
By examining recent literature, including phyloge-
netic inferences with molecular data (Table 2.1), we
extracted three significant developments that facili-
tated the clarification of the evolutionary origin of this
species, as described below.

Impacts of the Use of Nuclear DNA on Red
Panda Relationships

Genetic information used in earlier molecular sys-
tematic studies of the red panda from 1993 to 1997
(Table 2.1) was primarily mitochondrial DNA
(mtDNA). During this period, the phylogenetic posi-
tion of the red panda was ambiguous, probably because
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Mustelidae /

Procyonidae /

Ailuridae \

Mephitidae /
Figure 2.2

Inter-familial relationships within the superfamily Musteloidea strongly supported by recent molecular

systematic studies (see text and Table 2.1). Source: Photos © Kazutake Hirooka (Japanese marten, Martes melampus), Kozue
Hiyama (red panda, Ailurus fulgens), Tetsuji Hosoda (northern raccoon, Procyon lotor),and Jun J. Sato (striped skunk, Mephitis

mephitis).

of the homoplasious nature of mtDNA (‘saturation
problem”) and poor information in the short sequences
used. In murine rodents, phylogeny and divergence
time estimations among lineages splitting at 6.0 MYA
(million years ago) or older were difficult to correctly
estimate using mtDNA (Steppan et al., 2005). In fact,
recent studies estimated that the divergence of the
red panda lineage occurred ~30MYA (e.g. Sato
et al., 2009, 2012; Eizirik et al., 2010), which is too old
for mtDNA phylogenetic inference. Therefore, despite
attempts to correct the saturation problem by some
researchers (Zhang & Ryder, 1993, 1997; Pecon-Slattery
& O’Brien, 1995; Ledje & Arnason, 1996a), red panda
affinity was not clarified due to its deep divergence and
also because of insufficient phylogenetic information
from the short-length nucleotide sequences of exam-
ined mtDNA (~2Kkb; Table 2.1).

Flynn & Nedbal (1998) were the first to use nuclear
DNA (nucDNA) to resolve this issue. nucDNA is more
resistant to the saturation problem because of its slow
evolutionary rate and may contain more suitable
molecular markers for deeper-level phylogenetic infer-
ences (Springer et al., 2001). Also, the time scale esti-
mated from mtDNA (usually an overestimation) has
often been improved in other mammalian groups by
unsaturated nucDNA variation (e.g. Sato et al., 2016).
Use of nucDNA has since increased, but until about
2005, use of mtDNA was more common and estimated

phylogenies may have been subject to the saturation
problem (Table 2.1). Consequently, multiple phyloge-
netic hypotheses were proposed before 2005
(Table 2.1). Nonetheless, between 1998 and 2005, it
gradually emerged that the red panda is a major line-
age of the Musteloidea, corresponding to independent
family status, although the exact relationship remained
to be resolved.

As part of a more inclusive study, Sato et al.
(2006) presented a highly supported phylogenetic
hypothesis of the red panda as a second lineage to
diverge following the Mephitidae within Musteloidea
(Figure 2.2; Table 2.1). This hypothesis was strongly
supported by maximum-likelihood (ML) and
Bayesian inference (BI) phylogenetic analyses of
three nuclear-gene protein-coding exon sequences
(Sato et al., 2006; Table 2.1). Later, Fulton & Strobeck
(2006) supported this hypothesis using BI of one
exon and four intron nucDNA sequences. However,
the estimated topology and strength of support for
observed relationships in these studies depended on
phylogenetic inference, and maximum-parsimony
(MP) analyses did not support the hypothesis in both
studies. In addition, a topological test did not reject
alternative phylogenetic hypotheses (Fulton &
Strobeck, 2006), making the red panda phylogenetic
position uncertain. Subsequent mtDNA analyses
found no statistically significant or consistent phylo-

43

85U0|7 SUOWIWOD 8A 281D 3|l (dde auy Aq pauseno aJe Sajoie VO ‘8sn Jo e 10} Akeid 8UlUQO AS[IAA UO (SUORIPUCO-pUe-SWLBI/LIY" AB 1M ARl 1 [pUl|UO//SANY) SUOTIPUOD pue swie | 8y 89S *[£202/2T/.z] uo Ariqiauljuo As|im ‘AisieAlun axeis opelojoD Aq /iop/woo A Akeiqijeujuoy/sdny woly pepeojumod



Molecular Systematics of the Caniform Carnivora and its Implications for Conservation

Table 2.1 Red panda, Ailurus fulgens, relationships on the basis of nucleotide sequence data reported since 1993.

Paper Genetic loci? Characters® Inference® Topology?
Zhang & Ryder  mt (Cytb) 397bp MP (ti (Ai, (Ur, Pr))
(1993) down-weighted)
mt (12S rRNA, tRNAs) 438bp MP (tv only) (Ur, (Ai, Pr))
Vrana et al. mt (Cytb, 12S rRNA) + mor 737bp+mor (64) TE MP (Ca, (Me, (Mu, (Pr,
(1994)° (Ai, (Ur, Pi)))))
Pecon-Slattery mt (12S rRNA) 358bp NJ (Ca, (Ur, (Ai, Pr)))
& O’Brien MP (ti
(1995) down-weighted)
ML
Ledje & mt (Cytb) 1140bp NJ (ti ((Ca, Pi, (Ur, Ai)),
Arnason down-weighted) (Me, (Mu, Pr)))
(4
(1996a) MP (ti (Ca, Ur, Pi, Ai, (Me,
down-weighted) (Mu, Pr)))
Ledje & mt (12S rRNA) 890 bp NJ (Ca, (Ur+Me), Pi,
Arnason Ai, (Mu, Pr,))
(4
(1996b) 890 or 1011 bp MP (Ca, Ur, Pi, Me, Ai,
(Mu, Pr))
mt (Cytb, 12S rRNA) 2030 or 2151 bp MP (Ca, Ur, Pi, Ai, (Me,
(Mu, Pr)))
Zhang & Ryder  mt (Cytb) 397bp MP (ti (Ai, (Ur, (Pi, (Mu,
(1997) down-weighted) Pr))))
mt (12S rRNA, tRNAs) 429bp MP (tv only) (Ca, (Ur, (Pi, (A,
(Mu, Pr)))))
Dragoo & mt (12S and 16S rRNA, tRNA, Cytb)  ~1400bp MP ((Ca, Ur), (Pi, Me,
Honeycutt (Mu, ((Pry, Al),
(1997) Pr2)))))
mt (12S and 16S rRNA, tRNA, 1647bp TE MP (Ca, (Ur, (Pi, (Me,
Cytb) + mor (Mu, ((Pry, Ai),
Pr)))))
Flynn & Nedbal ~ mt (Cytb)+ nuc (Ttr) + mor 1991 bp + mor MP (Cytb: ti (Ca, (Pi, (Ur, (Ai,
(1998)° (64) down-weighted) (Mu, Pr)))))
mt (Cytb, 12S rRNA) + nuc (Ttr) 2338bp ML (Cytb: ti (Ca, (Ur, (Pi, (Ai,
down-weighted) (Mu, Pr)))))
Flynn et al. mt (Cytb, 12S and 16S rRNA) + nuc 3450bp MP (Cytb: ti (Ca, (Ur, (Pi, ((Ai,
(2000)° (Ttr) down-weighted, 12S  Me), (Mu, Pr)))))
and 16S rRNA: tv
only)
ML (Ca, (Ur, (Pi, (Ai,
(Me, (Mu, Pr))))))
Zehr et al. nuc (CanSINE) 186bp MP (Ca (Pi, (Mu, (Ur,
(2001) (Al, P)))))
ML (Ca, (Pi, (Mu, (Pry,
(Pra, Ai, Un)))))
Marmi et al. mt (Cytb) + nuc (Mel08) 491bp BI (Pi, (Ai, (Me, (Mu,
(2004)° Pr))))
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Table 2.1 (Continued)
Paper Genetic loci® Characters® Inference® Topology"
Yu et al. (2004)°  nuc (Irbp, Ttr) 2341bp MP (Ca, (Ur, (Pi, (Ai,
(Mu, Pr)))))
Flynn et al. mt (Cytb, 12S rRNA, ND2)+ nuc 6243bp MP (Ca, (Ur, (Pi, (Ai,
(2005)° (Irbp, Ttr, Tbg) Me, (Mu, Pr)))))
BI* (Ca, (UR, (Pi, (Ai,
(Me, (Mu, Pr))))))
Delisle & mt (12 protein-coding genes) 10842bp MP (Pi, ((Mu, Pr), (Ur,
Strobeck (2005)° (Ai, Me))))
MP (tv only) (((Pi, Ur), ((Ai,
Me), (Mu, Pr))))
ML (Pi, (Ur, ((Ai, Me),
- (Mu, Pr))))
Domingo-Roura nuc (Mel08) 174-192bp ML (Pi, (Ai, (Me, (Mu,
et al. (2005)° Pr))))
Yu & Zhang mt (ND2) + nuc (Fgb introns 4 and 4417bp MP (ND2: ti (Ca, (Ur, (Pi, (Ai,
(2006)° 7, Irbp, Ttr1) down-weighted) (Mu, Pr)))))
Sato et al. nuc (Apob, Irbp, Ragl) 3228bp MP (Ur, (Pi, (Me, (Ai,
(2006)° ML* (Mu, Pr)))))
BI*
Fulton & nuc (Fes, Chrnal, Ghr, Rho, Irbp) 2974bp MP (Ca, (Ur, (Pi, (Me,
Strobeck (2006)° ML (Ai, (Mu, Pr))))))
BI*
MP-input supertree
Bayes-input
supertree
ML-input supertree (Ca, (Ur, (Pi, (Me,
Ai, (Mu, Pr)))))
Fulton & nuc (Chrnal, Ghr, Irbp)+ mt (CO1, 5918bp MP* (Ca, (Ur, (Pi, ((Ai,
Strobeck (2007)° ND2, Cytb) Me), (Mu, Pr)))))
ML (Ca, (Ut, (Pi, (A,
BI (Me, (Mu, Pr))))))
Yonezawa et al.  mt (12 protein-coding genes, 12S 17688 bp ML (Me, (Ai, (Mu,
(2007) rRNA) + nuc (Ttr, Irbp, Ragl, Apob, Pr)))
Chrnal, Fes, Ghr, Rho)
Peng et al. mt (12 protein-coding genes) 9975bp NJ (Ca, ((Ur, Pi), (Me,
(2007) Pr), (Ai, Mu))))
ML (Ca, (Ur, (Pi, ((Ai,
Me), (Mu, Pr)))))
Arnason et al. mt (amino acid sequence from 12 3601 aa ML (Ca, (Ur, (Pi, (A,

(2007)

protein-coding genes)

(Me, (Mu, P))))))

(Continued)
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Table 2.1 (Continued)

Paper Genetic loci’ Characters® Inference® Topology"’

Yuet al. (2008)  mt (ND2) + nuc (Fgb introns 4 & 7, 4272bp MP* (Ca, (Ur, (Pi, ((Ai,
Irbp, Ttr) Me), (Mu, Pr)))))

ML (Ca, (Ur, (Pi, (Me,
BI (Ai, (Mu, Pr))))))
Sato et al. nuc (Apob, Brcal, Irbp, Ragl, vwf) 5497bp MP* (Ca, (Ur, (Pi, (Me,
(2009) ML (Ai, (Mu, Pr))))))
BI*
Agnarsson et al. mt (Cytb) 1140bp BI ((Ai, Ca), ((Ur, Pi),
(2010) (Pry, Mu, (Me,
Pr,)))))

Eizirik et al. nuc (Adora3, Apob, App, Atp7a, 7765bp NJ* (Ca, (Ur, (Pi, (Me,

(2010) Bdnf, Chrnal, Fbul, Fes, Ghr, Plp1, MP* (Ai, (Mu, Pr))))))
Pnoc, Ptprg, Rag2, Rasa2)

ML*
BI*

Yuetal. (2011a) nuc (Atp5d-2, Ccng2-2, Ccng2-6, ~22000bp ML* (Ca, (Ur, (Pi, (Me,
Cideal, Corolc-4, Corolc-5, Fgb BI* (Ai, (Mu, Pr))))))
introns 4 & 7, Gucalb-3, Impali-6,

Ociad1-4, Plod2-13, Plod2-14, Ssr1-5,
Tbc1d7-6, Tbk1-8, Tinagll-1,
Tinagli-3, Ttr1, Wasf1-3, Wasf1-6,
Wasf1-7)

Sato et al. mt (Cytb) + nuc (Apob, Brcal, 8492bp MP* (Ca, (Ur, (Pi, (Me,

(2012) Chrnal, Fes, Ghr, Irbp, Ragl, Rho, ML* (Ai, (Mu, Pr))))))
vwyf)

BI*

“mt = mitochondrial DNA; nuc = nuclear DNA; mor = morphology.

®bp = base pair; aa = amino acid.

“MP = Maximum Parsimony; NJ = Neighbour Joining; ML = Maximum Likelihood; BI = Bayesian Inference; TE = Total Evidence;

tv = transversional substitutions; ti = transitional substitutions.

4 Ai = Ailuridae; Me = Mephitidae; Mu = Mustelidae; Pi = Pinnipedia; Pr = Procyonidae; Ur = Ursidae (including the giant panda,
Ailuropoda melanoleuca); Ca = Canidae; Boldface = same topology as in Figure 2.1.

¢Studies listed in the review by Morlo & Peigné (2010).

*Strongly supported (bootstrap value >90% and/or posterior probability > 0.95).
Source: Adapted from Sato & Wolsan (2012) following the style of Morlo & Peigné (2010) in order to supplement the studies that were

not listed in their Table 4.1.

genetic relationships (Table 2.1; Arnason et al., 2007;
Fulton & Strobeck, 2007; Peng et al., 2007; Yonezawa
et al., 2007). Sato et al. (2009) expanded on their pre-
vious 2006 study and examined five nuclear gene
exon sequences (Table 2.1). They showed a highly
supported red panda position as a second lineage
to offshoot within Musteloidea (Figure 2.2) using
multiple analyses (MP, ML, and BI) and rejected
alternative phylogenetic hypotheses using three

topological tests: Templeton-test (Templeton, 1983),
KH-test (Kishino & Hasegawa, 1989), and AU-test
(Shimodaira, 2002). Recent studies using more exten-
sive nucDNA also supported this hypothesis (Eizirik
et al., 2010; Yu et al., 2011a; Sato et al., 2012). It is
concluded that the less homoplasious nucDNA was
important for the clarification of the phylogenetic
placement of the red panda, as well as the resolution
of the other major caniform carnivoran lineages.
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Impact of Bayesian MCMC and Fast-ML
Methods on Red Panda Relationships

To obtain robust and reliable phylogenetic hypotheses,
we need a pluralistic approach using various phyloge-
netic strategies based on different optimality criteria.
However, the traditional ML method implemented
in common phylogenetic programs (e.g. PAUP;
Swofford, 2002) became more difficult to implement
due to the computational burden imposed by
increases in the size of the taxon-by-sequence matrix
(Felsenstein, 1978). This was especially the case with the
bootstrap analysis (Felsenstein, 1985), which requires
repeated searches of the optimal tree. In the ML analysis
performed by Sato et al. (2009), it took more than three
months to complete the 100-repetition bootstrap calcu-
lation for the matrix of 51 species by 5497 nucleotide
characters using the PAUP software on a Power
Macintosh G5 computer (CPU dual 1.8 GHz, memory
512MB). Flynn et al. (2005) did not adopt the traditional
ML method in their phylogenetic analysis of a 76 species
by 6243 character matrix and, instead, used only MP and
BI methods. Delisle & Strobeck (2005) examined 12
protein-coding mtDNA genes (10842bp) for 38 species,
but did not provide the bootstrap proportion in their
ML analyses. The latter two studies may reflect the
computational difficulty of the traditional ML method.

Marmi et al. (2004) were the first to conduct a BI phy-
logenetic analysis for caniform carnivoran taxa includ-
ing the red panda. The BI method is a fast probabilistic
phylogenetic method based on posterior probability (PP)
as the optimality criterion, using the same evolutionary
(substitution) models as in the ML method (Huelsenbeck
et al., 2001, 2002). Although the actual posterior proba-
bility cannot be calculated, the application of the Markov
Chain Monte Carlo (MCMC) approach has enabled
approximation within a realistic timeframe (Rannala &
Yang, 1996; Mau & Newton, 1997; Larget & Simon, 1999;
see also Huelsenbeck et al., 2002). Furthermore, plat-
forms for BI analyses were developed (e.g. MrBayes soft-
ware; Huelsenbeck & Ronquist, 2001) and accelerated
use of this method in systematic studies. After Marmi
et al. (2004), BI was widely adopted and examined
sequence lengths have increased (Table 2.1).

On the other hand, it is known that BI often provides
higher support for incorrect phylogenetic relation-
ships (e.g. Douady et al., 2003; Simmon et al., 2004).
Therefore, various hypotheses for the phylogenetic

A Review of Molecular Systematic Studies of the Red Panda

position of the red panda have been supported by this
method. For instance, Flynn et al. (2005), using three
mtDNA and three nucDNA sequences, supported the
basal position of the red panda in Musteloidea with
PP = 1.0 (the highest value; Table 2.1). Delisle &
Strobeck (2005) showed close affinity between the red
panda and the striped skunk, Mephitis mephitis, also
with the highest PP value (Table 2.1). Moreover, the
topology as given in Figure 2.2 was strongly supported
by recent, mostly nucDNA phylogenetic analyses,
where the PP values for the relevant clades were
almost all equal to 1.0 (Table 2.1; Sato et al., 2009, 2012;
Eizirik et al., 2010; Yu et al., 2011a). Thus, more con-
servative supporting measures, such as the bootstrap
proportion, are still needed within the probabilistic
framework to increase confidence in the obtained
phylogenetic hypothesis. The most recent studies of
caniform carnivoran phylogenetics used more than
10 gene sequences with ~7.7-22.0kb for 16-44 taxa,
which would be practically impossible to examine
with the traditional ML method (Table 2.1; Eizirik
et al., 2010; Yu et al, 2011a; Sato et al., 2012).
Therefore, they adopted the recently developed fast-
ML search methods implemented in the programs
PHYML (Guindon & Gascuel, 2003), GARLI
(Zwickl, 2006), and RAXML (Stamatakis et al., 2008).
Owing to the development of these fast-ML strate-
gies, pluralistic evaluation of phylogenetic hypothe-
ses by various optimality criteria with different
measures of support has been realized with more effi-
ciency than using PAUP (e.g. Sato et al., 2009). Such
methodological advance has also contributed to the
clarification of the phylogenetic position of the red
panda as the second offshoot in Musteloidea, with
the skunk lineage being the most basal (Figure 2.2).

Impact of the Supermatrix Approach
on Red Panda Relationships

The supermatrix approach combines multiple taxon-
by-character matrices into a single ‘supermatrix’ and
simultaneously examines this large combined align-
ment for phylogenetic inferences (de Queiroz &
Gatesy, 2006). It is often compared to the supertree
approach and there are many conceptual debates with
regard to the clarification of large-scale phylogenetic
relationships (Gatesy et al., 2002, 2004; Bininda-
Emonds et al., 2003; Gatesy & Springer, 2004;
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Bininda-Emonds, 2004a,b). The use of the superma-
trix approach has been spurred on by MCMC tech-
niques in the combined BI method, where analyses
with independent evolutionary models set for each
gene partition can be conducted with less computa-
tional burden (Nylander et al., 2004). An update of the
MrBayes software (version 3) enabled the application
of the independent-model approach (Ronquist &
Huelsenbeck, 2003), allowing a precise supermatrix
approach using probabilistic methods (de Queiroz &
Gatesy, 2006).

One concern in taking advantage of the supermatrix
approach is ‘missing data’ in the data matrix. Missing
data correspond to empty cells in the taxon-by-
character matrix, which arise as characters may not be
determined (e.g. in DNA sequences) or preserved (e.g.
in fossils) for some taxa. There is a concern, from mor-
phologists in particular, about the use of sparse data
matrices in phylogenetic analysis (see Kearney &
Clark, 2003). However, a decade of empirical and the-
oretical studies has suggested that low resolution in a
phylogeny inferred from a supermatrix with abundant
missing data is not due to the proportion of missing
data, but poor phylogenetic information present in
the existing data (e.g. Wiens, 2003, 2006; Philippe
et al., 2004; Fulton & Strobeck, 2006; Wolsan &
Sato, 2010). Therefore, the collection of as much data
as possible, irrespective of the abundance of missing
data, has gradually been recognized as a useful strat-
egy for elucidating large-scale phylogenetic relation-
ships (e.g. Wolsan & Sato, 2010).

The supermatrix approach was first used in car-
nivoran systematics by Flynn et al. (2005). Contrary
to the recognition that missing data are not problem-
atic, Flynn et al. (2005) suggested some adverse
effects of missing data on phylogenetic inference.
However, their results may have been affected by the
large proportion of mtDNA in their data matrix
(52.3%; 3266 out of 6243 bp), which is subject to the
saturation problem. Nevertheless, since the study of
Flynn et al. (2005), the use of available data in DNA
databases has been considered helpful for clarifying
a comprehensive carnivoran phylogeny. Fulton &
Strobeck (2006) also examined the effect of missing
data on carnivoran phylogenetic inference with a
supermatrix comprised of only the less homoplastic

nucDNA. They found that phylogenetic resolution
was dependent on the existing data, not missing data,
and at the same time, suggested a red panda position
that has been supported by recent molecular system-
atic studies (Figure 2.2). Combined with the other
two contributing factors noted above, the recent
results inferred from the pluralistic phylogenetic
approach based on a supermatrix of multiple
nucDNAs have converged towards a consistent
phylogenetic hypothesis that the red panda secondly
diverged in Musteloidea (Figure 2.2).

We conclude that the use of nucDNA loci, Bayesian
and fast-ML inference methods, and the supermatrix
approach were revolutionary in clarifying the long-
standing phylogenetic conundrum within the cani-
form Carnivora, namely the phylogenetic position of
the red panda. This approach was also effective for the
other taxa, including the Mustelidae. Below we show
that these methodological advancements also contrib-
uted to understanding the evolution and classification
of the family Mustelidae.

Evolution of Mustelidae in Space
and Time and Subfamily
Classification

The Mustelidae is the most speciose family within the
order Carnivora, representing ~20% of carnivoran spe-
cies diversity (59 of 286 species; Wozencraft, 2005).
While there is marked variation in body size within this
family, from the least weasel, Mustela nivalis (less than
50g; Macdonald, 2009) to the marine-adapted sea otter,
Enhydra lutris (more than 45kg; Macdonald, 2009),
almost all mustelids can be recognized as small-to-
medium-sized animals. The extensive ecomorphologi-
cal diversity of mustelids allows them to inhabit
environments from tropical forest to arctic tundra and
from desert to river and coastal sea (Nowak, 1991;
Lariviére & Jennings, 2009; Macdonald, 2009). Due to
their adaptability, mustelids are distributed worldwide.
Therefore, understanding the process of mustelid evolu-
tion in space and time could provide significant insight
into the diversification mechanisms of small carnivores
and also offer suggestions for conservation strategies
for elusive carnivore species. However, even in the first
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decade of the twenty-first century during which molec-
ular phylogenetic studies were prevalent, there was no
consensus on phylogeny or divergence times and more
comprehensive molecular systematic research was
needed. Furthermore, since ecomorphological diversity
is so intensive, in particular, at the subfamilial level, the
subfamily classification of Mustelidae has been highly
contentious. For example, Wozencraft (1993) proposed
a framework of five subfamilies: Mustelinae, Melinae,
Lutrinae, Mellivorinae, and Taxidiinae, while in a more
recent classification, Wozencraft (2005) separated this
family into only two subfamilies, Mustelinae and
Lutrinae. To clarify the spatiotemporal evolutionary rea-
sons for the extensive ecomorphological diversification
of this family, and to address the subfamily classifica-
tion issue, molecular systematic analyses using a plural-
istic phylogenetic method with a supermatrix containing
many nucDNA sequences have been conducted (e.g.

| Taxidiinae Taxidea

Evolution of Mustelidae in Space and Time and Subfamily Classification

Koepfli & Wayne, 2003; Sato et al., 2003, 2004, 2006, 2009,
2012; Fulton & Strobeck, 2006; Koepfli et al., 2008;
Wolsan & Sato, 2010; Yu et al., 2011b).

Sato et al. (2012) used data from 18 genera and 38 spe-
cies of the family Mustelidae with 8492-bp nucleotide
characters from 10 genetic loci, 9 nuclear genes, and
1 mitochondrial gene (Table 2.1). From this data, phylo-
genetic relationships and divergence times were esti-
mated and eight major mustelid lineages (subfamilies)
were identified (Figure 2.3). The chronological analyses
based on the Bayesian relaxed molecular clock method
(Thorne et al., 1998; Drummond et al., 2006) indicated
that the major mustelid lineages (subfamilies and gen-
era) diversified in two radiation events in the Middle
and Late Miocene (Figure 2.3). Sato et al. (2012) also
inferred the ancestral distribution of the mustelid line-
ages by parsimony (Sankoff & Rousseau, 1975), likeli-
hood (Ree & Smith, 2008), and Bayesian (Pagel &
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.

Vormela

Lutrinae E i\gggx
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Figure 2.3 A chronogram showing the phylogenetic relationships and divergence times among genera of Musteloidea
examined in Sato et al. (2012). Chronological data were based on the average value between Multidivtime and BEAST
estimates in Sato et al. (2012). The shaded parts designate radiation events within Mustelidae. Each family name in
Musteloidea is shown on the rightmost side. The eight subfamily names are provided near the ancestral

branches. We follow Sato et al. (2009, 2012) and Wolsan & Sato (2010) for subfamily names. The letters ‘E’,'M’and ‘L in the

time scale mean ‘Early,‘Middle’, and ‘Late’, respectively.
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Meade, 2006) methods and showed that most of the
earliest mustelid ancestors occurred in Asia. It is likely
that the first radiations among ecomorphologically
different lineages (subfamilies) occurred in Asia, imply-
ing that Asia could be a central location for the adaptive
radiation (Sato et al., 2012). Following the first radia-
tion, the second radiation occurred in a geologically
limited time span in the Late Miocene, about 6-9MYA
(Figure 2.3). Interestingly, the first divergence in each
major mustelid lineage (e.g. Guloninae, Ictonychinae,
Lutrinae, and Mustelinae) was inferred to be inter-
continental differentiation between lineages on the
Eurasian and North American continents. Hence, it
could be argued that in this period, large-scale dispersal
from Eurasia to North America may have occurred
simultaneously in each major mustelid lineage. One
possible reason for the second radiation may be the
environmental change occurring in the Late Miocene.
For example, global vegetation may have changed from
C3-plant forests to C4-plant grasslands 6-8 MYA (Quade
et al., 1989; Cerling et al., 1997) and the formation of the
Bering Strait was inferred to have occurred 4.8-5.5MYA
(Marincovich & Gladenkov, 1999), which is also con-
sistent with the Late Miocene mustelid dispersal event.
This also supports a hypothesis that worldwide environ-
mental changes may have induced inter-continental
dispersal of other organisms.

Wolsan & Sato (2010) adopted a supermatrix
approach using 52 species and 54 genetic loci (27965 bp
aligned sequence). Although their analysis was
focused on the effect of missing data on phylogenetic
resolution in the light of empirical data, they proposed
a seven-subfamily framework: Guloninae (Eira, Gulo,
and Martes), Helictidinae (Melogale), Ictonychinae
(Galictis, Ictonyx, Poecilogale, and Vormela), Lutrinae
(Aonyx, Enhydra, Hydrictis, Lontra, Lutra, and
Pteronura), Melinae (Arctonyx and Meles), Mustelinae
(Mustela and Neovison), and Taxidiinae (Taxidea).
Koepfli et al. (2008) and Sato et al. (2012) included the
honey badger, Mellivora capensis, in their phylogenetic
analyses and showed that this species constituted
a monotypic lineage corresponding to the subfamily
Mellivorinae. In addition, Koepfli et al. (2008) con-
firmed with molecular data that Lutrogale was a
member of the subfamily Lutrinae. Sato et al. (2012)
further demonstrated that Lyncodon, which was
the last extant mustelid genus whose phylogenetic

position remained to be resolved, was the closest
relative of the genus Galictis within the subfamily
Ictonychinae. Combining the subfamily classification
of the family Mustelidae in Wolsan & Sato (2010) with
the recent molecular phylogenetic evidence obtained
by Koepfli et al. (2008) and Sato et al. (2012), an eight-
subfamily framework would therefore be the most
plausible classification in the Mustelidae at this stage
(Figure 2.3).

The evolution of the family Mustelidae in space and
time was clarified by the same methodological
approaches mentioned in the first section, namely
nucDNA, Bayesian and fast-ML inference, and the
supermatrix approach. Correct inference of the phy-
logeny and divergence time by taking these methodo-
logical factors into account provides us with reliable
estimates of endemism for each lineage. In the next
section, we caution that using unreliable estimates of
endemism could ultimately lead to errors in conserva-
tion priority setting.

Implications of Molecular
Systematics to Setting
and Defining Conservation
Priorities

Resources needed for conservation are limited and
largely depend on the human economy. In considering
what to protect among a vast variety of organisms, it is
inevitable to encounter an ‘agony of choice’ (Vane-
Wright et al., 1991). Therefore, we need a criterion for
the prioritization of species for conservation. For
almost three decades, Phylogenetic Diversity, a meas-
ure of biodiversity considering phylogenetic differ-
ences, has been considered important in conservation
prioritization (e.g. Faith, 1992). Phylogenetic Diversity
can reflect the variety of unique or rare features of a
species and can capture not only species richness but
also functional diversity (Faith, 1992; Safi et al., 2011;
Huang et al., 2012; Jono & Pavoine, 2012; but see
Hidasi-Neto et al., 2015 for no relation between
evolutionary and ecological distinctiveness). Thus,
conserving Phylogenetic Diversity could be useful
in maintaining a healthy ecosystem. One index utiliz-
ing Phylogenetic Diversity is EDGE (Evolutionarily
Distinct and Globally Endangered; Isaac et al., 2007).
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To prioritize species, this index considers both
Evolutionary Distinctiveness, representing Phylogenetic
Diversity, and extinction risk inferred from the TUCN
Red List categories. The Evolutionary Distinctiveness
value is calculated on the basis of the branch length in
the phylogenetic tree and the number of descendant
taxa from that branch (Isaac et al., 2007). Basically, an
endangered species with few related taxa with long
branches in its phylogenetic route would have a
higher EDGE value. Currently, such incorporation
of Evolutionary Distinctiveness is used in the setting
of conservation priority. The mammalian EDGE list
can be obtained from the EDGE project website
(https://www.edgeofexistence.org/).

However, evaluation of Phylogenetic Diversity is
highly dependent on how precise the phylogenetic rela-
tionships are. When Faith (1992) first introduced the
concept of Phylogenetic Diversity, he also noted some
cautions as follows: ‘the predictive value of PD
(Phylogenetic Diversity) depends on having a clad-
ogram that is a reliable estimate of the phylogenetic
relationships among the taxa (pp. 8-9)’ and ‘cladograms
based on a small number of characters, or on characters
that exhibit large amounts of homoplasy, are probably
less reliable (p. 9). Most recent studies examining
Phylogenetic Diversity for mammals (e.g. Isaac
et al., 2007; Collen et al., 2011; Safi et al., 2011, 2013;
Huang et al., 2012; Jono & Pavoine, 2012; Hidasi-Neto
et al., 2015) are based on the supertree phylogenetic
relationships published in Nature by Bininda-Emonds
et al. (2007). This supertree includes the most compre-
hensive list of species for Mammalia. However, the
supertree relationship is not consistent with relation-
ships in other, smaller-scale studies that were often
based on the supermatrix method, particularly for car-
nivoran systematics (e.g. Flynn et al., 2005; Koepfli
et al., 2008; Wolsan & Sato, 2010; Sato et al., 2009, 2012).
It is likely that this supertree does not present
Phylogenetic Diversity scores that are suitable for con-
servation prioritization, at least for carnivoran species.

We compared the phylogenies and divergence times
between the supermatrix and supertree methods for
the superfamily Musteloidea. As described previously,
Figure 2.3 is the supermatrix chronogram inferred by
Sato et al. (2012). Figure 2.4 shows the supertree rela-
tionships extracted from Bininda-Emonds et al. (2007),
where there are many unresolved relationships; in

addition, this supertree largely reflects a traditional
morphological taxonomy that is not supported in
recent molecular phylogenetic studies. For example,
the Mephitidae is included within the Mustelidae,
which is a strong reflection of traditional taxonomy
(Figure 2.4). In general, the supermatrix (Figure 2.3)
and supertree (Figure 2.4) phylogenies differ mark-
edly. Moreover, the divergence times estimated by
the supertree method might be overestimated, where
the Oligocene is the main diversification period for the
mustelid lineages (Figure 2.4). As we explained above,
almost all radiations of the mustelids were inferred to
have occurred in the Middle to Late Miocene in the
supermatrix method, not the Oligocene (Figure 2.3).
This large difference in time estimates suggests a
critical problem in using the supertree method for
inferring Evolutionary Distinctiveness. In the super-
tree framework, the calculation of divergence time, the
most important factor in determining Evolutionary
Distinctiveness value, has several drawbacks because
of its indirect estimation, in which date estimates are
obtained by fitting source data (e.g. genes) on a given
phylogeny (e.g. Jones et al. 2005). Therefore, it should
be stressed that the Phylogenetic Diversity scores
recently presented on the basis of the Bininda-Emonds
et al. (2007) supertree may not reflect the true evolu-
tionary history of the carnivoran species. It is necessary
to devise a more efficient methodology based on the
supermatrix in order to obtain a more reliable picture
of the evolutionary relationships for conservation.
Recently, Nyakatura & Bininda-Emonds (2012)
revised the supertree analysis of Bininda-Emonds et al.
(1999) for carnivoran species. They concluded that their
supertree as depicted in Figure 2.5 was moderately dif-
ferent from the recently published supermatrix tree
(e.g. Figure 2.3) and that differences were often observed
for higher taxonomic relationships (e.g. among fami-
lies) due mainly to the failure of the supermatrix analy-
ses to reconstruct commonly evidenced relationships.
However, their conclusions were not supported in this
study (see Figures 2.2 and 2.4). First, differences in the
topology and the divergence times between the super-
matrix and supertree approaches were very large.
Second, the differences are not concentrated in relation-
ships among distantly related species but are also
observed for lower-level relationships (see inter-
relationships among Ictonychinae genera; dotted
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Figure 2.4 A chronogram showing the phylogenetic relationships and divergence times among genera of Musteloidea
extracted from tree data (mammalST_bestDates) generated in Bininda-Emonds et al. (2007). Each family name for
Musteloidea is shown on the rightmost side, except for Mephitidae embedded within Mustelidae. The meaning of the
shaded part and letters in the time scale is the same as in Figure 2.2. Branches for the musteloid genera missing in Sato
et al.(2012) are shown in grey for comparison between both studies.

branches in Figure 2.5). Third, the phylogenetic
hypothesis for musteloids has become more consistent
in recent supermatrix-based studies (e.g. Sato
et al., 2009, 2012; Eizirik et al., 2010; Yu et al., 2011a;
Figure 2.2; Table 2.1). Only supertree-based studies
have provided inconsistent chronograms (Bininda-
Emonds et al., 1999, 2007; Nyakatura & Bininda-
Emonds, 2012). It is therefore suggested that the
EDGE list presented in Nyakatura & Bininda-Emonds
(2012) should be considered with extreme caution.
Agnarsson et al. (2010) presented the highest EDGE
score for the red panda based on the phylogenetic
relationships among almost all species in the order

Carnivora (82% of the total carnivoran species)
inferred from only mitochondrial cytochrome b gene
sequences. They showed that the red panda was sister
to the dog (Canidae) lineage, suggesting a higher level
of Evolutionary Distinctiveness for the red panda line-
age due to its long branch. However, the red panda
position as a sister to Canidae is highly inconsistent
with other recent phylogenetic studies. Their result is
probably an artifact caused by the use of only a 1140-
bp sequence of a rapidly evolving homoplasious mito-
chondrial gene for a time scale of ~50 million years.
Hence, the saturation problem would have negatively
affected the phylogenetic inference. This is a case of
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Figure 2.5 A chronogram showing the phylogenetic relationships and divergence times among genera of Musteloidea
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topology estimated by Sato et al. (2012).

the second caution presented by Faith (1992). The
hypothesis proposed by Agnarsson et al. (2010) was
not supported by recent molecular phylogenetic stud-
ies (Table 2.1). Considering the number of extant spe-
cies and the estimated divergence times for each
musteloid family (Figure 2.3), having only one species
in the red panda lineage is uncommon compared with
the existence of many species in the other families
(Mustelidae: 59 species; Procyonidae: 14 species;
Mephitidae: 12 species; Wozencraft, 2005). We stress
that the red panda has maintained an evolutionarily
distinct lineage; however, not as distinct as Agnarsson
et al. (2010) suggested.

Conclusion

A decade of progress in phylogenetic analysis, such as
the adoption of nucDNA, probabilistic Bayesian and
likelihood methods, and the supermatrix approach, has
produced a reliable and comprehensive evolutionary
picture of caniform carnivoran systematics. For exam-
ple, it helped in clarifying the phylogenetic relation-
ships of enigmatic species such as the red panda as a
second offshoot lineage of the superfamily Musteloidea.
These methodologies have also contributed to our
knowledge of the evolution and classification of the
most diversified carnivoran family, the Mustelidae.
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Considering the large differences in phylogenetic topol-
ogy and divergence times between the supermatrix and
supertree approaches, we suggest that the recent use of
the supertree in conservation priority setting should be
considered with caution and propose that prioritization
using the supermatrix-based approach is more promis-
ing. However, it is currently difficult to calculate the
species-specific EDGE scores using the supermatrix
approach because of incompleteness in the taxon-by-
character matrix and computational burdens, the rea-
son why we were unable to provide the EDGE scores in
this study. Further, methodological and computational
improvements are needed to support the supermatrix-
based phylogenetic inferences with more complete
taxon sampling. Emerging new strategies through
next-generation sequencing (e.g. genome-partitioning
approaches such as RAD-seq or Sequence capture)
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SUMMARY

The Herpestidae is an ecologically and behaviourally diverse family that comprises 25 African and 9 Asian mongoose
species. They are slender, small carnivores (ranging from 200g to 5kg) that live in Africa, the Middle East, and Asia; one
mongoose species is found in Europe and a few species have been introduced in many places in the world. The Herpestidae
were initially included in the family Viverridae (civets, genets, and oyans), and previously contained the Malagasy
‘mongooses’ (subfamily Galidiinae). Molecular systematics and morphological studies have now confirmed that the ‘true’
mongooses should be placed in a separate family, the Herpestidae, and that the Malagasy ‘mongooses’ (together with
the other Malagasy carnivores) be placed in the family Eupleridae. Recent molecular studies have shown that there are
2 subfamilies within the Herpestidae: the Mungotinae (11 small,social mongooses that occur in Africa) and the Herpestinae
(23 larger, non-social mongooses that are found in Asia and Africa). In addition, the genus Herpestes has been shown to
be paraphyletic; the nine Asian species of Herpestes form a monophyletic group and should now be placed in the genus
Urva. Recent studies have inferred an Early Miocene African origin for the Herpestidae, and a Middle Miocene origin for
the Asian mongooses. The evolution of life traits (social organization, activity, and habitat preferences) suggests that
mongooses were originally non-social, diurnal,and diversified much more in Africa than in Asia. In this chapter, we review
the recent changes in the inter-familial relationships of the Herpestidae and the Malagasy ‘mongooses, provide an up-to-
date phylogeny of the mongooses, describe the evolution of mongoose life traits, and present the latest systematic
classification of the Asian mongooses, based on recent molecular studies.

Keywords

Africa — Asia — biogeography — classification — DNA — Herpestes — Feliformia — Urva

Introduction

Mongooses are slender, small carnivores, ranging from
200g (common dwarf mongoose, Helogale parvula) to
5kg (white-tailed mongoose, Ichneumia albicauda). They
all have a similar morphology and are characterized by
their small size, long face and body, short legs, small
rounded ears, and long, tapering bushy tails. Most

*Corresponding author.

mongooses have a uniform pelage with long coarse hairs
that are ringed with different colours in some species, giv-
ing a grizzled aspect to the coat. They all share a number
of anatomical features, such as the structure of the audi-
tory bullae, specialized ear cartilage, and the presence of
an anal pouch. Mongooses are digitigrade and are mainly
terrestrial (Gilchrist et al., 2009; Jennings & Veron, 2019).

Small Carnivores: Evolution, Ecology, Behaviour, and Conservation, First Edition. Edited by Emmanuel Do Linh San, Jun J. Sato,
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Mongooses are placed in the family Herpestidae,
which comprises 34 species that live in Africa, the
Middle East, and Asia (Gilchrist et al., 2009; Jennings
& Veron, 2019). One species, the Egyptian mongoose,
Herpestes ichneumon, is also found in Europe (Gaubert
et al., 2011; Detry et al., 2018) and the small Indian
mongoose, Urva auropunctata, has been introduced
to numerous areas in the world, mainly islands
(Veron et al., 2007; Louppe et al., 2020, 2021; Gantchoff
et al., Chapter 20, this volume). A few other species —
including the Indian grey mongoose, Urva edwardsii,
and Indian brown mongoose, Urva fusca - are also
found outside their native range, as a result of either
accidental escapes or deliberate introductions (Veron
et al., 2010; Gantchoff et al., Chapter 20, this volume).
The mongoose family displays a wide range of social
systems, from solitary to group-living species (Gilchrist
et al., 2009; Schneider & Kappeler, 2014).

The mongooses were initially included within the
Viverridae Gray, 1821 (civets, genets, and oyans) (see e.g.
Flower, 1869; Mivart, 1882), until Pocock (1916, 1919)
advocated familial rank, to which he gave the name
Mungotidae. Gregory & Hellman (1939) also placed
them in a separate family, the Herpestidae Bonaparte,
1845. This separation was not followed by Simpson
(1945) and several other authors (Albignac, 1973;
Ewer, 1973; Petter, 1974; Rosevear, 1974; Coetzee, 1977,
Kingdon, 1977; Payne et al., 1985; Stains, 1987;
Taylor, 1988; Schreiber et al., 1989; Dargel, 1990;
Skinner & Smithers, 1990; Taylor et al., 1991; Taylor &
Goldman, 1993). However, the separation of the
mongooses from the Viverridae has been supported by
further studies, based on morphology, chromosomes
and molecular data (Wurster, 1969; Fredga, 1972;
Radinsky, 1975; Bugge, 1978; Neff, 1983; Wozencraft,
1984; Hunt, 1987; Hunt & Tedford, 1993; Veron &
Catzeflis, 1993; Wyss & Flynn, 1993; Veron, 1994, 1995;
Flynn & Nedbal, 1998; Veron & Heard, 2000; Gaubert
& Veron, 2003; Veron et al., 2004; Flynn et al., 2005),
and it is now generally accepted that the mongooses
should be placed in a separate family, the Herpestidae
(Honacki et al., 1982; Wozencraft, 1989a,b, 2005;
Gilchrist et al., 2009; Veron, 2010; Jennings &
Veron, 2019).

The family Herpestidae belongs to the feliform
carnivores (Feliformia), together with the Eupleridae
(Malagasy carnivores), Felidae (cats), Hyaenidae

(hyenas and aardwolf), Viverridae (civets, genets,
and oyans), Nandiniidae (African palm civet) and
Prionodontidae (Asian linsangs) (see Figure 1.1 in
Chapter 1). The relationships of these families have
long been debated, with several proposed hypotheses
(Flower, 1869; Gregory & Hellman, 1939; Simpson, 1945;
Hunt, 1987; Flynn et al., 1988; Wayne et al., 1989;
Wozencraft, 1989a; Hunt & Tedford, 1993; Wyss &
Flynn, 1993; Veron, 1994), the latest being that the
Herpestidae is the sister group to the Eupleridae, and
both are sisters to the Hyaenidae (Yoder et al., 2003).

In this chapter, we review the recent results on
the inter- and intra-familial relationships of the
Herpestidae, describe the evolution of mongoose life
traits, and present the latest systematic classification
of the Asian mongooses, based on recent molecular
studies.

Malagasy ‘Mongooses’

The Malagasy ‘mongooses’ (Galidia elegans, Galidictis
fasciata, Mungotictis decemlineata, and Salanoia con-
color; subfamily Galidiinae Gray, 1864; Figure 3.1a-c)
were believed to be closely related to the other
mongooses (subfamily Hespestinae) (Gray, 1864;
Simpson, 1945; Albignac, 1973). Other authors con-
sidered the subfamily Herpestinae separate from
the Viverridae and placed it in its own family, the
Herpestidae (Gregory & Hellman, 1939; Honacki
et al., 1982; Wozencraft, 1989a,b, 1993), in which the
subfamily Galidiinae was also placed, based on shared
morphological features (Pocock, 1915; Albignac, 1973;
Petter, 1974). However, on the basis of some soft anat-
omy features, Gregory & Hellman (1939) believed that
the Galidiinae was an ‘offshoot from the base of the
viverrid stem where it joins the herpestid branch’ and
placed it instead in the subfamily Galidictinae, within
the Viverridae.

A molecular phylogenetic analysis revealed that
all Malagasy carnivores form a monophyletic clade,
which is the sister group to the Herpestidae (Yoder
et al., 2003). Within this Malagasy carnivore clade, all
the Galidiinae species (Malagasy ‘mongooses’) form
one group, and the remaining species (Malagasy ‘civ-
ets’) another. Hence, the Malagasy carnivores are now
placed in a separate family, the Eupleridae Chenu,
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Malagasy ‘Mongooses’

Figure 3.1 Mongoose-Llike Eupleridae (subfamily Galidiinae) from Madagascar, such as (a) ring-tailed vontsira, Galidia
elegans, (b) broad-striped vontsira, Galidictis fasciata (here the subspecies G. f. grandidieri,which is still regarded as a separate
species by IUCN [2020]), and (c) bokiboky, Mungotictis decemlineata, were once believed to belong to the family of the true
mongooses, namely the Herpestidae. (d) The fossa, Cryptoprocta ferox, was previously classified within the Viverridae and
now belongs to the subfamily Euplerinae. Source: Photos © Nick Garbutt (www.nickgarbutt.com).

1852, with two subfamilies: the Galidiinae (Galidia,
Galidictis, Mungotictis, and Salanoia) and the
Euplerinae (Cryptoprocta [Figure 3.1d], Eupleres, and
Fossa) (Wozencraft, 2005; Goodman, 2009, 2012).
Recent molecular analyses have also strongly sug-
gested that each of the seven genera of Malagasy
carnivores is, in fact, monospecific, and that Galidictis
grandidieri, Salanoia durrelli, and Eupleres major
are not valid species (Veron et al., 2017; Veron &
Goodman, 2018; see details in Appendix B).

The close relationship of the Eupleridae to the
Herpestidae has been confirmed by other studies
(e.g. Veron et al., 2004; Flynn et al., 2005), and the age

for the most recent common ancestor of the Eupleridae
species has been estimated using Bayesian methods at
18-24 million years ago (mya) (Yoder et al., 2003),
which is congruent with a previous divergence date
for Herpestidae-Cryptoprocta at ~24mya, inferred
from DNA-DNA hybridization results (Veron &
Catzeflis, 1993). Thus, an African ancestor (closely
related to the mongooses) colonized Madagascar at
least 18-24 mya, most likely through a short-lived land
bridge between Africa and the island (Masters
et al., 2021). In the absence of any other representa-
tives of the Carnivora, it diversified into mongoose-
like, civet-like, and cat-like carnivores on this island.
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Phylogeny of Mongooses
and Evolution of Life Traits

Veron et al. (2004) showed on the basis of molecular
data that the Herpestidae should be split into 2 sub-
families: the Mungotinae (comprising 11 small, social
species), and the Herpestinae (containing 23 larger,
solitary species) (Figure 3.2). Subsequent molecular
studies have confirmed this division (Perez et al., 2006;
Patou et al., 2009). Patou et al. (2009) inferred an Early
Miocene African origin for the Herpestidae, and a
Middle Miocene origin for the Asian mongooses.

The yellow mongoose, Cynictis penicillata
(Figure 3.3a), possesses social traits and was allied
to the social mongooses by Wozencraft (1989b),
while Gregory & Hellman (1939), Hendey (1974),
and Taylor et al. (1991) placed it among the solitary
mongooses. Based on molecular data, Veron et al.
(2004) showed that this species should be included
in the solitary mongoose group (see Figure 3.2). The
morphological features that prompted several
authors to consider the yellow mongoose closely
related to the social mongooses (Petter, 1969;
Wozencraft, 1989b; Veron, 1995) are apparently the
result of convergence in ecological and behavioural
characteristics (open habitat, insectivorous diet,
social family life, diurnal activity, and communal
burrows). Although several authors have mentioned
that colonies of C. penicillata can consist of up to
40-50 individuals (Fitzsimons, 1919; Roberts, 1951;
Walker et al., 1964; Dorst & Dandelot, 1972), mean
colony sizes of 3.9, 4.1 and 8.0 were observed by
Zumpt (1976), Lynch (1980), and Earlé (1981),
respectively. According to Earlé (1981), Taylor &
Meester (1993), and Wenhold & Rasa (1994), the
yellow mongoose hunts alone. Its social behaviour
seems only slightly more developed than that of the
Egyptian mongoose, H. ichneumon, which is a soli-
tary species that occasionally forms social groups
(Ben-Yaacov & Yom-Tov, 1983). On the other hand,
Balmforth (2004) and Vidya et al. (2009) observed
large groups of yellow mongooses on farmland,
with numerous social interactions and cooperative
breeding. However, yellow mongooses are not obli-
gate pack foragers and cooperative breeders as
are the true social mongooses (for a review, see
Schneider & Kappeler, 2014).

Veron et al. (2004), using molecular data, showed that
the true social mongooses form a monophyletic group
(corresponding to the subfamily Mungotinae) from
which the yellow mongoose, C. penicillata, is excluded.
The social mongooses are characterized by their small
size and the presence of long claws on the forefeet. They
live in stable groups that are larger than a single-family
unit, breed cooperatively, and forage in packs (Gilchrist
et al., 2009; Jennings & Veron, 2019). The monophyly of
the true social mongooses implies that sociality evolved
once in this group. The appearance of extensive areas of
grassland during the late Miocene and Pliocene periods
favoured the evolution of insectivorous small carni-
vores that could feed on the abundant insect resources
within this habitat. The Resource Dispersion Hypothesis
(Macdonald, 1983; Carr & Macdonald, 1986) posits that
the quality and dispersion of resources influence the
social structure of an animal population in a given habi-
tat, and the abundance of insects in grassland habitats
may have facilitated group formation in mongooses
(Rood, 1986). Thus, the availability and renewability of
their invertebrate food (which decreases the costs of
group living), and the higher predation risk in open
habitat, may have been the main selective pressures
promoting sociality in mongooses (Waser, 1981;
Rood, 1986; Palomares & Delibes, 1993). The abun-
dance of shelters (constructed by other animals) that
can provide suitable cover also allows communal
denning in African social mongooses (Rood, 1986).

Within the Mungotinae, the meerkat, Suricata
suricatta (Figure 3.4), is the sister taxon of a clade
containing the other social mongooses; this is
congruent with the recognition of this species as
morphologically distinct, which had resulted in it
being placed in a separate subfamily, the Suricatinae,
by Pocock (1919). The Liberian mongoose, Liberiictis
kuhni, is the sister taxon of the banded mongooses
(Mungos), while the dwarf mongooses (Helogale) are
closely related to the cusimanses (Crossarchus) (see
Veron et al., 2004). Within the latter genus, four spe-
cies were described (see Goldman, 1984), Crossarchus
alexandri, Crossarchus ansorgei, Crossarchus obscu-
rus, and Crossarchus platycephalus, and these were
recently reassessed using morphometric and molecu-
lar data (see Sonet et al., 2014). Although Sonet et al.
(2014) confirmed the current taxonomic classification
of these four Crossarchus species, further studies,
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Figure 3.2 Phylogeny of the mongooses, based on Veron et al. (2004, 2007, 2015), Perez et al. (2006), Gilchrist et al. (2009), and
Patou et al. (2009). The white square indicates the family Herpestidae, the black squares and the black bars on the side indicate
the two subfamilies, the Mungotinae and Herpestinae. Species in bold are the true social mongooses (Mungotinae). The dotted
line indicates the monophyletic Asian species clade. The branches of the major clades (discussed in the text) are in different
colours. Source: Animal illustrations from Prater (1971), Payne et al. (1985),and Kingdon (2015). Reproduced by permission of
the Bombay Natural History Society, Karen Philipps, and Jonathan Kingdon.
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(a) (b)

Figure 3.3 (a) The yellow mongoose, Cynictis penicillata, may share communal burrows with several conspecifics, but it is
essentially a solitary forager. Molecular studies indicated that it belongs to the clade of solitary mongooses, the subfamily

Herpestinae. (b) Selous’s mongoose, Paracynictis selousi, was shown to be the sister species of the yellow mongoose. Source:

Photos © Emmanuel Do Linh San (a) and Peter Apps (b).

Figure 3.4 Meerkats, Suricata suricatta, belong to the subfamily Mungotinae. These highly social mongooses stand out as
one of the best-studied carnivore species globally. Source: Photo © Emmanuel Do Linh San.
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using additional genetic markers (e.g. nuclear genes),
are needed.

Besides the clade of true social mongooses, Veron
et al. (2004) also obtained a clade containing the
solitary mongooses (including Atilax, Cynictis,
Galerella, Herpestes, Ichneumia, and Rhynchogale)
that correspond to the subfamily Herpestinae (see
Figure 3.2). Mongooses within this subfamily share
several morphological characters: first upper premolars
present (but variable in Atilax), a similar shape of the
cheek teeth and of the tympanic bullae (Veron, 1994),
and a relatively large size (up to ~5kg; Gilchrist
et al., 2009; Jennings & Veron, 2019). Some mongooses
in this group share a particular chromosomal feature:
the Y chromosome is translocated onto an autosome,
resulting in a different number of chromosomes in
the male and female (Wurster & Benirschke, 1968;
Fredga, 1972; Pathak & Stock, 1976). This occurs in
Atilax paludinosus (female: 2N = 36; male: 2N = 35),
Galerella pulverulenta (40; 39), Galerella sanguinea
(42; 41), Urva javanica (36; 35), Urva edwardsii (36;
35), and Herpestes ichneumon (44; 43).

Within the subfamily Herpestinae, recent molecular
studies have shown that the long-nosed mongoose,
Xenogale naso, and the marsh mongoose, Atilax paludi-
nosus, are sister species (Veron et al., 2004; Perez
et al., 2006). These two mongooses have a similar mor-
phology and live in the same habitat types (swamps and
riverine forests), but differ in activity, X. naso being
diurnal and A. paludinosus crepuscular (Ray, 1997).
Their close relationship had never been proposed before
(for review see Bininda-Emonds et al., 1999; Veron
et al., 2004). Even though some authors had observed
their morphological resemblances, these were believed
to be convergences resulting from similar adaptations to
their habitat (Orts, 1970; Rosevear, 1974; Ray, 1997).
The long-nosed mongoose was generally regarded as
the sister taxon of the Egyptian mongoose and, there-
fore, placed in the genus Herpestes (Coetzee, 1977;
Kingdon, 1977; Happold, 1987; Corbet & Hill, 1991;
Wozencraft, 1993, 2005). Allen (1919) placed it in
Xenogale, and this was followed by Gregory & Hellman
(1939), Rosevear (1974), Ansell (1978), Colyn & Van
Rompaey (1994), and Van Rompaey & Colyn (2013).
Veron et al. (2004) and Perez et al. (2006) confirmed that
the long-nosed mongoose should be placed in a sepa-
rate genus, Xenogale, based on molecular evidence.

Phylogeny of Mongooses and Evolution of Life Traits

The species of Galerella were placed in the genus
Herpestes by some authors (see Wozencraft, 1989b;
Taylor & Goldman, 1993), but their inclusion in a
separate genus was supported by allozyme (Taylor
et al., 1991) and some morphological data (see
Rosevear, 1974), whereas the craniometric study of
Taylor & Matheson (1999) did not support the mono-
phyly of this genus. Veron et al. (2004) advocated
retaining them in Galerella, based on their morpho-
logical distinctiveness and genetic distance from
Herpestes ichneumon. Four species are presently
recognized in Galerella (see Gilchrist et al., 2009;
Jennings & Veron, 2019), among which only two
have been included in any molecular phylogeny
(Cape grey mongoose, Galerella pulverulenta, and
common slender mongoose, Galerella sanguinea).
Rapson et al. (2012) have advocated that an addi-
tional taxonomic entity, Galerella nigrata, closely
related to G. sanguinea, should be recognized as a
species. However, this would make G. sanguinea
paraphyletic, and, thus, further investigations are
needed to test the validity of this proposition and
to check for any possible hybridization between
these taxa.

A monophyletic group of herpestine mongooses
comprises Bdeogale, Cynictis, Ichneumia, and
Rhynchogale (Perez et al., 2006). This group is charac-
terized by a very wide and bushy tail, as well as a large
posterior cusp on the third inferior premolar. The
cytogenetic data of Fredga (1972) and Wurster &
Benirschke (1968) are congruent with this grouping:
Bdeogale, Cynictis, and Ichneumia have 2N = 36
chromosomes (i.e. they do not have the chromosome
translocation in males that is observed in other species
of solitary mongooses) and they have a reduced sexual
Y chromosome.

The genus Bdeogale is currently separated into
three species (Honacki et al., 1982; Wozencraft, 2005):
the black-legged mongoose, B. nigripes, inhabits the
tropical belt from E Nigeria to NE Democratic
Republic of the Congo and to N Angola; Jackson’s
mongoose, B. jacksoni, is restricted to SW Kenya; and
the bushy-tailed mongoose, B. crassicauda, occurs
in Kenya, Malawi, Mozambique, Tanzania, Zambia,
and Zimbabwe (Wozencraft, 2005). Rosevear (1974)
believed that the coat colour characteristics used to
separate these species could simply be intra-specific
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colour variations. However, Perez et al. (2006) found
4.7% molecular divergence for the cytochrome b gene
between B. crassicauda and B. nigripes, which is
similar to that seen between other mongoose species.
The third species, B. jacksoni, was considered conspe-
cific with B. nigripes by Kingdon (1977). In contrast,
Kingdon (1997) and Taylor (2013) treated Sokoke
bushy-tailed mongoose, B. omnivora, from the coastal
forests of Northern Tanzania and Eastern Kenya, as a
distinct species from B. crassicauda due to differ-
ences in coat colour and body size. Molecular analy-
ses are needed to help resolve these conflicting cases.
According to Thomas (1882), Pocock (1919) and
Gregory & Hellman (1939), Bdeogale shares many
dental features with the white-tailed mongoose,
Ichneumia albicauda, as well as a similar external
morphology. However, Bdeogale possesses many
foot specializations (e.g. the suppression of
the pollex and the hallux, the shortening of the
four main digits, and symmetrical toes), as well as
expanded molars, which have been said to be related
to an insectivorous diet (mainly ants and termites;
Kingdon, 1977; Smithers, 1983). Its densely furred
coat, muzzle and feet, and short, woolly ears may
be a protection against soldier ants or termites
(Kingdon, 1977). However, in B. nigripes, small
vertebrates (mainly rodents and insectivores) have
also been reported as an important part of the diet
(Ray & Sunquist, 2001).

Meller’s mongoose, Rhynchogale melleri, was first
believed to be closely associated with Crossarchus and
Suricata by Gray (cited by Pocock, 1919) and Thomas
(1882). Pocock (1919) suggested instead that it is clos-
est to Ichneumia and Bdeogale, notably on the basis of
dental characters. The body shape of Rhynchogale is
very similar to that of Ichneumia (Kingdon, 1977).
However, Rhynchogale differs from the other members
of the herpestine clade by the absence of the groove
on the upper lip (Pocock, 1919), a distinctly snub
nose, and the flatness of its molars (Kingdon, 1977).
The last feature may have resulted from a dietary
adaptation, although some authors have suggested
that Meller’s mongoose may feed mostly on termites
(see Smithers, 1966), whereas others consider that this
species has a frugivorous diet (see Pocock, 1919 and
Kingdon, 1977); in fact, its biology is almost entirely
unknown.

The yellow mongoose, C. penicillata, possesses
social traits and was allied to the social mongooses by
some authors and to the solitary mongooses by others
(see above). Pocock (1919) emphasized that the posi-
tion of Cynictis is difficult to establish on the basis
of its morphological specializations, but suggested a
close relationship with the white-tailed mongoose,
L albicauda, on the basis of ear and plantar pad char-
acters. Molecular studies by Veron et al. (2004) and
Flynn et al. (2005) revealed the exclusion of Cynictis
from the social mongoose group, and Perez et al.
(2006) showed its inclusion in the bushy-tailed mon-
goose clade (Bdeogale and allies). Selous’s mongoose,
Paracynictis selousi (Figure 3.3b), was considered the
sister taxon of C. penicillata (Pocock, 1919), and this
has been confirmed by molecular results (Flynn
et al., 2005).

Veron et al. (2004) have shown that social traits
appeared at the base of the social mongoose clade (in
accordance with the hypothesis of Gorman, 1979).
Some male associations (cohesive association of males
sharing the same home range) have been observed in
non-social mongooses, including slender and Cape
grey mongooses (Rood & Waser, 1978; Rood, 1989;
Cavallini & Nel, 1990). Waser et al. (1994) showed that
some male associations in the common slender mon-
goose can last a very long time (at least seven years).
Studies on the Egyptian mongoose have shown some
signs of sociality within this species under certain
ecological conditions (Ben-Yaacov & Yom-Tov, 1983;
Palomares & Delibes, 1993). These findings, in addi-
tion to the variable degrees of sociality in yellow
mongoose populations, reveal the potential for social-
ity in this family. Sociality in mongooses evolved only
in Africa, and not in Asia, probably due to the opening
up of forested habitats in Africa (see above).

Most mongooses are diurnal (Table 3.1; Gilchrist
et al., 2009; Jennings & Veron, 2019) and mapping this
activity character onto the recent phylogeny of the
mongooses allows us to infer the evolution of activity
patterns within the Hespestidae. The nocturnal activ-
ity appears to have evolved only twice in Africa, within
the clade that includes Bdeogale, Cynictis, Ichneumia,
Paracynictis, and Rhynchogale, and in Atilax, and once
in Asia, in the Indian brown mongoose, U. fusca; this
might have arisen in order to avoid competition with
similar-sized, diurnal mongooses.
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Table 3.1 Classification of the Herpestidae showing 2 subfamilies, the Mungotinae (11 small, social species) and the

Herpestinae (23 large, solitary species), based on Veron et al. (2004, 2007, 2015), Perez et al. (2006), Gilchrist et al. (2009), and

Patou et al. (2009).

Subfamily and species Common English name Distribution Social organization Activity

Mungotinae
Crossarchus alexandri Alexander’s cusimanse Africa Social Diurnal
Crossarchus ansorgei Angolan cusimanse Africa Social Diurnal
Crossarchus obscurus Common cusimanse Africa Social Diurnal
Crossarchus platycephalus Flat-headed cusimanse Africa Social Diurnal
Dologale dybowskii Pousargues’s mongoose Africa Social Diurnal
Helogale hirtula Ethiopian dwarf mongoose Africa Social Diurnal
Helogale parvula Common dwarf mongoose Africa Social Diurnal
Liberiictis kuhni Liberian mongoose Africa Social Diurnal
Mungos gambianus Gambian mongoose Africa Social Diurnal
Mungos mungo Banded mongoose Africa Social Diurnal
Suricata suricatta Meerkat Africa Social Diurnal

Herpestinae
Atilax paludinosus Marsh mongoose Africa Solitary Nocturnal
Bdeogale crassicauda Bushy-tailed mongoose Africa Solitary Nocturnal
Bdeogale jacksoni Jackson’s mongoose Africa Solitary Nocturnal
Bdeogale nigripes Black-legged mongoose Africa Solitary Nocturnal
Cynictis penicillata Yellow mongoose Africa Semi-social Diurnal
Galerella flavescens Kaokoveld slender mongoose Africa Solitary Diurnal
Galerella ochracea Somali slender mongoose Africa Solitary Diurnal
Galerella pulverulenta Cape grey mongoose Africa Solitary Diurnal
Galerella sanguinea Common slender mongoose Africa Solitary Diurnal
Herpestes ichneumon Egyptian mongoose Africa Solitary Diurnal
Ichneumia albicauda ‘White-tailed mongoose Africa Solitary Nocturnal
Paracynictis selousi Selous’s mongoose Africa Solitary Nocturnal
Rhynchogale melleri Meller’s mongoose Africa Solitary Nocturnal
Urva auropunctata Small Indian mongoose Asia Solitary Diurnal
Urva brachyura Short-tailed mongoose Asia Solitary Diurnal
Urva edwardsii Indian grey mongoose Asia Solitary Diurnal
Urva fusca Indian brown mongoose Asia Solitary Nocturnal
Urva javanica Javan mongoose Asia Solitary Diurnal
Urva semitorquata Collared mongoose Asia Solitary Diurnal
Urva smithii Ruddy mongoose Asia Solitary Diurnal
Urva urva Crab-eating mongoose Asia Solitary Diurnal
Urva vitticollis Stripe-necked mongoose Asia Solitary Diurnal
Xenogale naso Long-nosed mongoose Africa Solitary Diurnal

The general information on distribution, social organization, and activity is taken from Gilchrist et al. (2009) and Jennings & Veron (2019). See Appendix A for

more attributes of the small carnivore species listed here.
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Systematics of Asian Mongooses

The molecular studies of Veron et al. (2004) and Perez
et al. (2006) first indicated that the genus Herpestes is
not monophyletic, which had not been suggested by
previous studies (see Taylor et al., 1991; Taylor &
Matheson, 1999; Bininda-Emonds et al., 1999). Patou
et al. (2009) confirmed that the genus Herpestes is
paraphyletic, with the two African species that were
included in this genus, H. naso (now X. Naso, see
above) and H. ichneumon, and the nine Asian Herpestes
mongooses, belonging to three distinct lineages. Patou
et al. (2009) showed that the Asian mongooses form a
monophyletic clade (see Figure 3.2), and suggested
that all Asian mongooses should be placed in a sepa-
rate genus, which should be Urva Hodgson, 1837,
Indeed, H. ichneumon is the type species of the genus
Herpestes and, therefore, this name is not available
for the Asian species; the earlier genus Mangusta
Horsfield, 1824, that was utilized for the Javan mon-
goose, was first used for the Egyptian mongoose, and,
therefore, this name is also inappropriate.

Four mongoose species occur in Southeast Asia:
the Javan mongoose, Urva javanica, the short-tailed
mongoose, U. brachyura, the collared mongoose,
U. semitorquata, and the crab-eating mongoose, U. urva
(Gilchrist et al., 2009; Jennings & Veron, 2019). Another
mongoose species, Hose’s mongoose, Herpestes hosei,
was described from Borneo by Jentink (1903) based on
an adult female collected from Sarawak in 1893 (the
only specimen that has been attributed to this species).
This specimen is very similar to U. brachyura and
Hose’s mongoose was not recognized as valid by Corbet
& Hill (1992), Wozencraft (2005), or Patou et al. (2009),
although it was by Payne et al. (1985).

The molecular study of Patou et al. (2009) found a
well-supported sister relationship between the short-
tailed mongoose, U. brachyura, and crab-eating mon-
goose, U. urva, two species that are often found close to
water bodies (G. Veron & A. Jennings, personal obser-
vations). This phylogenetic affinity was also suggested
by craniometric analyses (Taylor & Matheson, 1999),
anatomical characters (such as the posterior develop-
ment of the ectotympanic bone; Li, 2004; G. Veron,
personal observation), and by chromosomal evidence
(Fredga, 1972). Their distribution is allopatric, except
in Peninsular Malaysia where they both occur

(Gilchrist et al., 2009; Jennings & Veron, 2019), and
where it is likely that these two species are ecologically
separated (see Jennings & Veron, 2011). However, the
study by Patou et al. (2009) did not include the collared
mongoose, U. semitorquata. A recent molecular analy-
sis that did incorporate this species (Veron et al., 2015)
showed that the collared mongoose is closely related
to the crab-eating mongoose, and that the two form
the sister group to the short-tailed mongoose. Veron
et al. (2015) also found that despite Sumatran collared
mongooses having a distinctive orange phenotype,
they exhibited very little genetic divergence from indi-
viduals from Borneo. In contrast, the populations of
the short-tailed mongoose from Borneo were strongly
divergent from those from Peninsular Malaysia and
Sumatra, and they might be separate species (Veron
et al., 2015). Within the crab-eating mongoose, a little
geographical genetic structure was observed. The find-
ings of Veron et al. (2015) suggest that Hose’s mon-
goose is not a valid species, and that mongooses from
Palawan Island (in the Philippines), which had been
thought to be short-tailed mongooses, did not cluster
with the other populations of this species, but were
closer to the collared mongoose and, therefore, should
be included in the latter species.

The Javan mongoose, U. javanica, and the small
Indian mongoose, U. auropunctata, were considered
separate species by some authors (Chasen, 1940;
Ellerman & Morrison-Scott, 1951; Hinton & Dunn,
1967; Harrison, 1968; Michaelis, 1972; Ewer, 1973;
Medway, 1978; Honacki et al., 1982; Wozencraft, 1989b;
Harrison & Bates, 1991; Taylor & Matheson, 1999),
with a zone of sympatry on Peninsular Malaysia;
or a single species, U. javanica, varying in size
and colour from west to east (Pocock, 1937,
1941; Bechthold, 1939; Wenzel & Haltenorth, 1972;
Lekagul & McNeely, 1977; Macdonald, 1984; Corbet &
Hill, 1992; Wozencraft, 1993, 2005; Roberts, 1997
Macdonald, 2001). Veron et al. (2007), using mitochon-
drial DNA, obtained three distinct clades, which corre-
sponded to the Javan mongoose, U. javanica, the small
Indian mongoose, U. auropunctata, and the Indian
grey mongoose, U. edwardsii, with a mean genetic
divergence of 5% between each pair of species. Their
analyses supported a sister relationship between U.
Jjavanica and U. edwardsii, but not between U. javanica
and U. auropunctata, as would have been expected
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(although see Patou et al., 2009). The results of Veron
et al. (2007) are congruent with the morphometric
study of Taylor & Matheson (1999), in which 11 cranial
measurements of 15 Herpestes species were included in
a principal component analysis, and the results showed
a clear separation between U. auropunctata (specimens
from China, India, Kashmir, and Pakistan) and U.
Jjavanica (Java, Thailand, and Vietnam). Studies of coat
colour variation agree with these results. According to
Pocock (1941) and Corbet & Hill (1992), specimens
from Vietnam and Java (U. javanica) are strongly
suffused with reddish parts, while specimens from
northwest India and Pakistan (U. auropunctata) are
pale, and those from Assam and Myanmar are darker
and greyish. This is in agreement with our observations
of museum specimens; those from Thailand, Laos, and
Java are darker and reddish (particularly on the head),
while those from India, Nepal, and Pakistan are paler.
The distribution of the small Indian mongoose,
U. auropunctata, stretches from the Arabian Peninsula
across the northern Indian subcontinent to Southeast
Asia, whereas the Javan mongoose, U. javanica, occurs
in Southeast Asia. The small Indian mongoose has
been introduced to many different parts of the
world, mainly on islands (see reviews in Tvrtkovi¢ &
Krystufek, 1990; Barun et al., 2011; Louppe et al., 2020,
2021; and Gantchoff et al., Chapter 20, this volume).
Chinese populations have been assigned to U. auro-
punctata by Ellerman & Morrison-Scott (1951),
Michaelis (1972), and Honacki et al. (1982), and this
was supported by the morphometric studies of Taylor
& Matheson (1999); however, the precise collection
location of the Chinese specimens that were inspected
in their study is unknown. Mongooses from Hainan
and southern China have been grouped in the subspe-
cies H. auropunctatus rubrifrons by Ellerman &
Morrison-Scott (1951). Specimens from Hainan are
reddish on the head, and their body colouration is
brownish, so their coat colour is closer to U. javanica
than to U. auropunctata. However, their skull meas-
urements are more within the range of that of U. auro-
punctata than that of U. javanica. In fact, recent
molecular analyses (Veron & Jennings, 2017) suggest
that southern China populations belong to U. javanica.
The molecular study of Patou et al. (2009) showed
that the stripe-necked mongoose, Urva vitticollis, and
the ruddy mongoose, Urva smithii, are sister species.

A New Classification of the Mongooses

This relationship had never been proposed before, and
contradicted the hypothesis of Pocock (1937) that
U. smithii is very close to U. edwardsii and may even be
a jungle form’ of the latter. The stripe-necked and
ruddy mongooses live in sympatry in southwestern
India and Sri Lanka. They are both forest species and
diurnal, but it is suggested that U. vitticollis is only
found near water bodies, while U. smithii occupies a
wider variety of habitats (Santiapillai et al., 2000).

The Indian brown mongoose, U. fusca, was found by
Patou et al. (2009) to be the closest relative to a clade
containing U. auropunctata, U. edwardsii, and U.
javanica. This phylogenetic arrangement had
been suggested by Fredga (1972), based on observa-
tions of karyotypes, and it invalidates the proposition
of Bechthold (1939), who considered U. fusca and
U. brachyura to be conspecific. The Indian brown
mongoose is found in India and Sri Lanka. An inter-
esting result of the study by Patou et al. (2009) was that
a second mongoose species in the Fiji islands (in addi-
tion to the introduced small Indian mongoose; as was
suggested by Morley et al., 2007), turned out to be the
Indian brown mongoose. This means that there had
been a recent and undocumented introduction of
U. fusca since that of a single pair of small Indian
mongooses, U. auropunctata, from Calcutta in 1883
(Simberloff et al., 2000). Veron et al. (2010) highlighted
that this is the first known introduction of the Indian
brown mongoose to a non-native area, and they sug-
gested that it may have derived from a pair brought
from an unknown source to a private zoo in Fiji in the
late 1970s. Currently, the Indian brown mongoose
co-occurs on Viti Levu Island with the much smaller
small Indian mongoose. The Indian brown mongoose
appears to be nocturnal (at least in its native range),
while the small Indian mongoose is primarily diurnal,
which suggests that there may be little interaction
between these two species in Fiji.

A New Classification of the
Mongooses

A new classification of the mongooses based on Veron
et al. (2004, 2007, 2015), Perez et al. (2006), Gilchrist
et al. (2009), Patou et al. (2009) and Jennings & Veron
(2019) is provided in Table 3.1. There are currently
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11 species recognized in the Mungotinae, and 23
species in the Herpestinae. The phylogenetic position
of Pousargues’s mongoose, Dologale dybowskii,
remains to be investigated with molecular data, but
based on morphological evidence (Li, 2004; G. Veron,
personal observation), we have placed it within the
Mungotinae. There are still some debated taxa (see e.g.
Appendix B) and possible cryptic species, and further
investigations are needed.

Finally, for most mongoose species, there is very
little data on distribution, ecology, population status,
and possible threats, rendering the evaluation of
their conservation status extremely difficult. On
the IUCN Red List of Threatened Species (where
Bdeogale omnivora is recognized valid making a total
of 35 species), 29 mongooses were classified as Least
Concern (LC), 1 Data Deficient (DD), 3 Near
Threatened (NT), and 2 Vulnerable (VU) (IUCN, 2020;
see Appendix A). Despite the fact that 31.4% of these
species were assessed as having decreasing popula-
tions, only 14.3% were placed in a threat category
(VU or higher). Mongooses are often considered ‘eco-
logically tolerant’ to anthropogenic habitat modifica-
tions (see e.g. Zaw et al., 2008) and robust to human
threats, such as hunting (IUCN, 2020), but in reality,
there is little data available to substantiate these
claims or to accurately assess their conservation sta-
tus. Further research is urgently needed.
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Late Quaternary Biogeography of Small Carnivores in Europe
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SUMMARY

The Late Quaternary distribution history of small carnivores in Europe was strongly influenced by climate and humans.
Subfossil records from geological or archaeological excavations can be used to reconstruct spatio-temporal dynamics of
species for the Pleistocene and Holocene Epochs. During full glacial conditions, around 60-15 thousand years ago (kya),
Central European regions were only permanently colonized by the wolverine, Gulo gulo, and both stoat, Mustela erminea,
and least weasel, M. nivalis. From around 14 kya, the European polecat, M. putorius, European badger, Meles meles, pine
marten, Martes martes, red fox, Vulpes vulpes, and European wild cat, Felis silvestris, spread into northern regions due to
climate warming (Greenland Interstadial 1) and associated stepwise reforestation of those regions. The Eurasian otter,
Lutra lutra, colonized Central Europe for the first time during the Early Holocene. In contrast to several other small carni-
vore species from temperate regions that survived and recolonized Central Europe from refugial regions such as Iberia, the
Apennine peninsula, the Carpathians or the Balkans,the otter was restricted to the Apennine peninsula and its low genetic
diversity as well as its late arrival may be a consequence of this. The stone marten, Martes foina, probably followed
Neolithic settlers out of Asia Minor, whereas the origin and colonization pattern of the European mink, Mustela lutreola,
remains enigmatic. Small carnivores experienced limited distributional shifts during the Holocene in comparison to larger
carnivores, probably due to their ecological plasticity and relative resilience to human impacts. The European wild cat
disappeared from northern regions after the Holocene thermal optimum and both the pine marten and the European
polecat may have experienced some range contraction during the Medieval, but most species broadly maintained their
Holocene distributions to the present day.

Keywords

Distribution dynamics — European wild cat — glacial refugia — mustelids — postglacial recolonization

Introduction

The last 60000 years of the Late Quaternary were char-
acterized by numerous rapid climatic oscillations and
extreme environmental changes (Dansgaard et al., 1993;
Huntley et al., 2003; Wohlfarth et al., 2008). The

*Corresponding author.

consequences of these changes are documented by a
complex pattern of extinction and colonization for many
animal species in Europe (Hewitt, 2000; Sommer &
Nadachowski, 2006; Sommer et al., 2007; Stewart, 2008;
Sommer & Zachos, 2009; Stuart & Lister, 2012; Crees &
Turvey, 2014; Stuart, 2015; Sommer, 2020). Some
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characteristic Pleistocene megafaunal species became
extinct several thousand years before the ultimate end of
the Pleistocene at ~11.7 kya (Stuart & Lister, 2012),
whereas many other species that were adapted to steppe
or tundra environments, such as the arctic fox, Vulpes
lagopus, reindeer, Rangifer tarandus, or pika, Ochotona
pusilla, disappeared from Central Europe (CE) only dur-
ing the end of the Late Glacial or Early Holocene
between 12.7 and 11.2kya (Street & Baales, 1999;
Sommer et al., 2014; Sommer, 2020). Other species that
were adapted to temperate environments, such as the
pond turtle, Emys orbicularis, European hedgehog,
Erinaceus europaeus, or red deer, Cervus elaphus, recolo-
nized CE regions from southern glacial refugia
(Figure 4.1). From a biogeographical point of view,
changes in Europe’s mammalian fauna at the end of the
Last Glacial were characterized by several different pro-
cesses that have shaped the recent faunal composition of

Europe: (i) extinction of species such as the woolly
mammoth, Mammuthus primigenius, cave lion,
Panthera spelaea, cave bear, Ursus spelaeus, and woolly
rhino, Coelodonta antiquitatis; (ii) extirpation of species
in CE but maintenance of their distribution in northern
tundra and taiga environments, e.g. reindeer and arctic
fox; (iii) extirpation of species in CE but maintenance of
their distribution in southern steppe and savannah envi-
ronments, e.g. spotted hyena, Crocuta crocuta, European
wild ass, Equus hydruntinus, and pika; (iv) population
turnover in species that were distributed continuously in
CE throughout the Pleistocene and the Holocene, e.g.
least weasel, Mustela nivalis, and grey wolf, Canis lupus;
(v) recolonization of CE by temperate species from
southern glacial refugia, such as the European hedge-
hog, brown bear, Ursus arctos, red fox, Vulpes vulpes, and
European badger, Meles meles; (vi) colonization of
Europe by species which appeared during the Holocene
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Figure 4.1 Sites with records (black dots) of temperate mammal species during the Last Glacial Maximum (LGM; for a
legend, see Sommer & Nadachowski, 2006) which characterize the known main refugial regions: Iberia (R1), Southwestern
France (R2), Apennine peninsula (R3), Carpathian surroundings (R4),and the Balkans (R5). A further suggested possible

refugial region, the southern Urals, is not displayed here. When d

iscussing the postglacial (or post-LGM) recolonization of

Europe in the text, the dashed line is meant to represent the northern limit of the hitherto known refugial regions. The

occurrences of forest-bounded species in southern Poland in the
admixtures from other periods.

sites Nos. 36 and 37 are questionable and discussed as
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Late Quaternary Climate History and Consequences for Biome and Faunal Dynamics

for the first time, e.g. stone marten, Martes foina; and
finally (vii) species whose distribution was altered due to
climate change and human impacts, e.g. wild horse,
Equus ferus, and elk, Alces alces.

Small carnivores are known to colonize a wide
spectrum of biomes. In Europe, these include tundra,
taiga (boreal forests), temperate mixed forests,
Mediterranean areas, steppe, and desert. The small
carnivore fauna of Europe contains species such as the
least weasel weasel and the stoat, Mustela nivalis, and
the stoat, Mustela erminea, that are extremely success-
ful due to their ability to adapt to a wide variety of
habitats and landscapes. However, certain species
such as the Eurasian otter, Lutra lutra, have been
strongly negatively influenced by habitat loss and
landscape fragmentation in western European coun-
tries (Honnen et al., 2011). This chapter presents evi-
dence for the Late Quaternary distribution dynamics
of small carnivores and a comparison with larger car-
nivores to inform our understanding of recent patterns
of animal biodiversity in Europe.

Late Quaternary Climate History
and Consequences for Biome
and Faunal Dynamics

The climate and vegetation history of Europe for the
Late Quaternary is relatively well documented (e.g.
Dansgaard et al., 1993; Bjorck et al., 1998; Litt
et al., 2001, 2003; Barron et al., 2003; Davis et al., 2003;
Huntley & Allen, 2003; Hubberten et al., 2004; Renssen
et al., 2009). We briefly summarize the environmental
history of the last 60000 years in order to provide
context for understanding the colonization history of
carnivorous mammals.

From 60 to 27kya, during the Marine Isotope Stage 3 of
the Quaternary, the northern hemisphere was character-
ized by a generally cold environment punctuated by reg-
ular warm intervals, the Greenland Interstadials, which
lasted from several hundred years to around 3000 years.
The landscape of Europe north of the glacial refuge
areas was characterized by open steppe-tundra (so-called
mammoth steppe) with an annual mean temperature of
—4 to —8°C (Huijzer & Vandenberghe, 1998). During
warmer periods, the mean temperature rose abruptly
(within a few years) to around 7-10°C and led to a

diffusion of animal and plant species from the southern
refuge areas (e.g. Balkans or Iberia) to at least 50° lati-
tude, significantly changing regional biotic assemblages.
The typical cold-adapted Pleistocene fauna such as the
mammoth and the reindeer shifted their ranges in
response, although they continued to be distributed in
Central Europe alongside temperate species such as the
red deer and the European polecat, Mustela putorius, for
some time (Sommer et al., 2008). The Last Glacial
Maximum (LGM), from 26.5 to 19kya, was character-
ized by the maximum advance of the ice sheets and all
regions of Central Europe were affected by discontinu-
ous permafrost. During this period of cooling, cold-
adapted species and open landscapes reached their most
southerly extent and temperate species became isolated
insouthern glacial refugia (Sommer & Nadachowski, 2006;
Sommer et al., 2014), although the degree of range isola-
tion (Figure 4.1) differed depending on their ecological
tolerance (e.g. adaptation to certain biomes such as mixed
deciduous forests, etc.). The onset of the last deglaciation
of the northern hemisphere began around 18kya and
until 14kya, most northern parts of what are now
Germany and Poland, as well as the Baltic States, were
deglaciated. Mean temperatures rose by about 10°C from
the beginning of the Greenland Interstadial 1, also known
as Bolling/Allered Interstadial (Figure 4.2) and led to
environmental change across the whole northern hemi-
sphere. In central Europe, the warming induced the
expansion of the birch, Betula sp., willow, Salix sp., pop-
lar, Populus sp., and during the Greenland Interstadial
1c-a (Allered) pine, Pinus sp., also increased its range (Litt
et al., 2001, 2003). However, Europe then experienced a
brief cool snap, the Younger Dryas, that lasted for 1000
years and caused the forests which had established during
the Greenland Interstadial 1c-a to vanish in northern CE
(Theuerkauf & Joosten, 2012). The ice core records from
northern Europe (which correspond with temperature
changes) unequivocally reflect a rapid rise in tempera-
ture at the onset of the Holocene (Figure 4.2), which may
have happened extremely rapidly, within one to three
years (Steffensen et al., 2008; Vinther et al., 2009), and
was followed by a slower rise during the Preboreal
(PB) and Boreal (Bo) periods (Figure 4.2). This early
Holocene warming was associated with a major biome
change in CE and the rapid spread of the birch and the
pine, later followed by warm-adapted tree taxa such as
hazel, Corylus sp., oak, Quercus sp., and elm, Ulmus sp.
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Figure 4.2 Chronological comparison of the colonization history of Central Europe (CE) and areas north of the typical refugial
regions (see Figure 4.1) by (a) small carnivores in comparison to (b) larger carnivores after Sommer & Benecke

(2004, 2005a,b, 2006). The x-axis of the coloured diagram is the time in thousands of years ago (kya). The black curve indicates the
oxygen isotope ratios 820 in %o from the GISP2 ice core record (using CalPal; Weninger et al., 2008). Ice core event stratigraphy
after Bjorck ef al. (1998) and Blockley et al. (2012). LGM: Last Glacial Maximum, Gl: Greenland Interstadial (warming epoch), GS:
Greenland Stadial (cooling epoch), PB: Preboreal, Bo: Boreal. *The hundreds of archaeological sites containing subfossil records of
vertebrates give the convincing and general picture that G. gulo disappeared in CE with the end of the Younger Dryas Period (GS1).
However, the Baltic States were obviously temporarily colonized (probably by single individuals) during migration and dispersal
from taiga regions in Scandinavia or north-western Russia. 2Bulgaria and Danube delta. *It is obvious that it colonized Europe
during the Neolithic from about 7kya in congruence with the expansion of agriculture and farming economy from SE Europe to CE
and Western Europe. “Mustela lutreola is generally represented extremely rarely (or has been overlooked) in the subfossil record. A
few available finds indicate that it may have been present since the Neolithic in the Baltic States and Poland (with probable
postglacial origin in north-eastern European refugia) and colonized Europe during the Middle and Late Holocene. >During the
Weichselian glacial M. eversmanii was distributed also in south-western Germany, Switzerland, Austria and, probably, France before
the LGM (Krajcarz et al., 2015). With the exception of the LGM record of the Deszcowa Cave (Krajcarz et al., 2015; Figure 4.1, No. 36),
there are no further subfossil records outside of the current range since the LGM.
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During the Holocene thermal optimum, about 9-5kya,
when annual mean temperatures were up to 2-3°C
higher than today (Renssen et al., 2009), CE was largely
forested with oak, elm, lime, Tilia sp., and pine dominat-
ing in the lowlands and spruce, Picea sp., beech, Fagus
sp., and fir, Abies sp., predominating at higher altitudes.
In the south, open steppe communities existed. Since
6kya, vegetation has been increasingly influenced by
human activity.

Reconstruction of Past
Distributions of Small Carnivores

There are several methods available for reconstructing
spatio-temporal dynamics of organisms at the species
and/or population level. The phylogeography of spe-
cies can be reconstructed using recent or ancient DNA.
Species distribution modelling (SDM) or climate enve-
lope modelling (CEM) is an increasingly popular tech-
nique that does not require direct faunal evidence.
Here, the ecological niche (preferred habitat or climatic
conditions) is estimated from the environmental
parameters at known sites of a species’ extant distribu-
tion and this information is then used to simulate past
potential distribution based on past climatic condi-
tions. When modelling the distribution of a species for
past climatic epochs, it is advantageous to ground truth
distribution models with data on subfossil records to
help evaluate the reliability of results, as demonstrated
by Kuemmerle et al. (2012) or Prost et al. (2013).
Subfossil records from geological or archaeological
excavations can also be used to reconstruct spatio-
temporal dynamics of species. However, the distribu-
tion of subfossil bone records can be strongly influenced
by environmental and ecological factors, as well as
human influence. For example, subfossil records of the
least weasel are rare in archaeological assemblages as it
was never hunted by humans and is also not among the
main prey of owls, which leave large accumulations of
pellets with remains of their prey in cave sediments
and which are also a reliable source of information on
the past distribution of mice and voles. By contrast,
the reindeer was one of the main prey species of both
Neanderthals and modern humans and thus the abun-
dance and distribution of its bone remains from
archaeological excavations more faithfully reflects the
dynamics of its distribution in space and time (Sommer

Refugial History

et al., 2014). In this review, the overwhelming majority
of data on subfossil records of small carnivores was
recovered from archaeological sites and compiled
within the project ‘Holocene History of the European
Vertebrate fauna’ (Benecke, 1999). The age of remains
was inferred from the age of an archaeological layer
(the majority of cases) or by direct **C radiocarbon dat-
ing of the bone. The age of layers was calculated by
relative dating (from the archaeological context of cul-
tural remains) or *C dating of other bones or charcoal
from the same layer. This allowed all information on
subfossil assemblages of small carnivore species in
Europe to be collected and grouped chronologically.
The sites containing fossil records of small carnivores
which were evaluated for biogeographic reconstruc-
tions are displayed and listed in Sommer & Benecke
(2004) and Crees (2013).

The subfossil record consists only of presence data
(unlike ecological sampling which can yield presence/
absence data). The most common method to assess
past range change is therefore extent of occurrence
(EOO) or range extent. This is the area measured
within a convex hull polygon that encloses all the
points (individual subfossil records) with no internal
angle measuring more than 180° (IUCN, 2001).
However, as EOO measurement can be influenced by
sampling bias and can also be skewed by the outer-
most points, we used bootstrapping to establish null
models of range-size expectations. This method ‘resa-
mples’ the original data, with replacement, to estimate
a statistic’s sampling distribution and is, therefore,
useful when the underlying sampling distribution
cannot be assumed normal (Mooney & Duval, 1993).
Upper and lower confidence intervals (95%) and mean
range obtained from bootstrapping can then be com-
pared to the observed EOO. Only if the observed EOO
falls outside these confidence intervals can it be inter-
preted as representing a genuine, statistically signifi-
cant deviation from the expected range size for the
species (i.e. an increase or decline in range).

Refugial History

The model of glacial refugia as core areas for the
survival of thermophilous and/or temperate animal
and plant species during unfavourable Pleistocene
environmental conditions, and as the sources of
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Table 4.1 Subfossil records of selected small carnivores during the LGM (26.5-19kya), suggesting that the mentioned
regions served as glacial refugia.

Iberian Apennine Carpathian Southern
Species Peninsula SW France peninsula surroundings Balkans Urals
Felis silvestris + + +
Lutra lutra (+)*
Martes martes + + +
Meles meles + + + + +
Mustela putorius +
Vulpes vulpes + + + + + +

“The only Pleistocene (Early and Middle Pleistocene) subfossil records of L. lutra from typical refugial regions are from Italy. Thus, it

is very likely that the Apennine peninsula was a glacial refugium, even though there is a lack of LGM records.
Source: After Sommer & Benecke (2004), Sommer & Nadachowski (2006), Kosintsev (2007), and Kosintsev & Bachura (2013).

postglacial recolonization, is widely accepted in bio-
geography (Hewitt, 2000; Willis & Whittaker, 2000).
There is also strong evidence of individualistic refu-
gial histories for different species (Stewart
et al., 2010). Phylogeographic data have facilitated
the identification of glacial refugia of species (e.g.
Hewitt, 1996; Taberlet et al., 1998; Schmitt &
Krauss, 2004; Deffontaine et al., 2005; Schonswetter
et al., 2005; Kotlik et al., 2006; Loehr et al., 2006) but
cannot resolve their precise location. Subfossil
remains of animals (e.g. Sommer &
Nadachowski, 2006; Sommer et al., 2008) are, there-
fore, indispensable for more precise localization,
even if the pattern of subfossil records that displays a
part of the refugia only shows the incomplete geo-
graphical range (Figure 4.1). Glacial refugia are the
areas where temperate species maintained their dis-
tribution during the LGM, the coldest epoch of the
Last Glacial, the coldest epoch of the Last Glacial.
During the LGM, the ranges of temperate species
were reduced to a minimum and the biodiversity that
survived in those areas was the source for subsequent
recolonization events and thus determined the post-
glacial genetic signature of the species.

On the basis of subfossil records and phylogeographic
data (e.g. Hewitt, 2000; Sommer & Benecke, 2004;
Kotlik et al., 2006; Sommer & Nadachowski, 2006), it is
known that the main refuge areas in Southern Europe
were Iberia, the Apennine peninsula, the Balkans, the
Carpathian surroundings, and the Dordogne area in

southwestern France (Figure 4.1; Table 4.1). It is not
known to what extent there was habitat connectivity
between the southern refugia (Balkans, Apennine pen-
insula, and Iberia) to the more northern refugia in SW
France and the Carpathian region. However, on the
basis of phylogeographic data, it is also known that
Central Europe was additionally recolonized by temper-
ate and thermophile species from glacial refugia east
of the Carpathians (e.g. Hewitt, 2000; Sommer et al.,
2009a,b). One possible origin for such eastern glacial
refugia could be the southern Urals, among others
(Table 4.1), which were covered with open forest vege-
tation (even deciduous trees) during the LGM and there
are several records of temperate species such as the red
deer, elk and beaver, Castor fiber (Kosintsev, 2007;
Kosintsev & Bachura, 2013).

The small carnivore species of Europe have different
refugial histories and there remain several open ques-
tions with regards to the number and location of gla-
cial refugia (Table 4.1). Small carnivores are generally
much more scarcely represented in the subfossil
record of Eurasia in comparison to the main, larger
prey species of Stone Age humans such as the red deer
(Sommer et al., 2008).

The wolverine, Gulo gulo, was a member of the typical
Pleistocene fauna that included the mammoth and the
reindeer with a much wider western and southern range,
and thus its current distribution in arctic and boreal envi-
ronments is likely to represent a recent Holocene refuge
for this species. The subfossil record of the steppe polecat,
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Mustela eversmanii, from southern Germany (Sickenberg,
1968), Switzerland and France (Koby, 1951) during the
Weichselian Glacial shows that it obviously had a much
wider distribution than in the Holocene and colonized
the steppe-tundra biome together with typical elements
of the mammoth fauna. However, records in the western
part of Central Europe, outside of the recent distribution
range, are extremely rare in the subfossil record (see
Sommer & Benecke, 2004) and, in some cases, identifica-
tion is questionable (see Koby, 1951). Recently, Krajcarz
et al. (2015) published a well-determined LGM record
from southern Poland, which supports the view that M.
eversmanii may have been a regular member of the
steppe-tundra ecosystem, under-represented or over-
looked in the European Pleistocene faunal record. The
steppe polecat was already distributed in the southern
and middle Urals during the LGM (Kosintsev, 2007;
Kosintsev & Bachura, 2013; Ponomareyv et al., 2013). Due
to the fact that the smaller European mustelids are
sparsely represented in the subfossil record in Pleistocene
LGM sites, valuable and representative information on
possible glacial refugia are available only for a subset of
small carnivores (Table 4.1).

Postglacial Recolonization

The dynamics of postglacial recolonization are mainly
characterized by: (i) recolonization routes (including the
number and distribution of glacial refugia as sources of
recolonization) and (ii) the timings of recolonization.
This spatio-temporal process fundamentally shaped the
recent biodiversity in the northern hemisphere. Research
carried out over the last two decades has demonstrated
great differences among recolonization patterns for ver-
tebrate species, including the carnivores (Hewitt, 2000;
Sommer, 2007; Sommer & Zachos, 2009; Sommer
et al., 2009b). For species such as the grey wolf, stoat and
least weasel that were distributed across both typical
Pleistocene and Holocene environments in the northern
hemisphere, the recolonization process out of glacial
refugia took place at the population level. For example,
as in the case of the least weasel, Central European pop-
ulations adapted to Pleistocene, open environments
were replaced by populations adapted to forested envi-
ronments from the southern refugial regions as shown
by McDevitt et al. (2012). The subfossil record of small
carnivores in Europe shows that the timing of

Holocene Range History of Selected Small Carnivore Species

recolonization of northern regions (Figure 4.1) occurred
non-congruously for most species. Apart from the wol-
verine, which disappeared in CE after the Pleistocene,
there is a gradual pattern revealing ‘early’ and ‘late’
recolonizers from southern refugial regions into the
north (Figure 4.1). Most interestingly, several species
had already recolonized northern regions several thou-
sand years before the end of the Pleistocene (Figure 4.2).
Of the mustelids, the European badger and the European
polecat were very early colonizers. This is not altogether
surprising, as the subfossil record demonstrates that
both species already showed a limited presence prior to
the LGM (probably during the warmer Interstadials of
the MIS 3) in northern European regions (von
Koenigswald et al., 1974; Miinzel et al., 2001). Rapid
recolonization of central Europe by the red fox is also
supported by both the subfossil record and genetic evi-
dence of postglacial population expansion (Kutschera
et al., 2013; Statham et al., 2018). Both cases highlight
the potential ecological plasticity of small carnivores in
response to changing Quaternary environments
(Mecozzi et al., 2019). Interestingly, the congruent tim-
ing of recolonization of the pine marten, Martes martes,
and the European wild cat, Felis silvestris, seems to be a
consequence of reforestation during the Greenland
Interstadial 1c-a (Figure 4.2a). In contrast to the early
colonization of CE by the European badger, the
European polecat and the pine marten by the Late
Glacial, the Eurasian otter only recolonized during the
Holocene, perhaps because it was only present in a sin-
gle glacial refugia (Table 4.1) and the Alps could also
have been an important migration barrier. This unique
pattern is also reflected in the genetic structure of otter
populations (Mucci et al., 2010; Honnen et al., 2011).
The colonization of the stone marten around 7kya
shows a remarkable congruence with the spread of agri-
culture and farming with an assumed origin in Asia
Minor. The timing of colonization for further small car-
nivore species is displayed in Figure 4.2.

Holocene Range History
of Selected Small Carnivore
Species

The ecological factors that limit species ranges are still
debated (Fortin & Dale, 2005; Gaston, 2009) and
the relative contribution of climate per se and
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climate-induced forest expansion on influencing post-
glacial species ranges is unfortunately not clear.
Postglacial climate change was extremely rapid in
some areas of Europe, occurring as quickly as within
50 years in Britain for example (Yalden, 1999), but may
have taken longer to stabilize in other areas of Europe
(Davis et al., 2003). Likewise, palaeoecological evi-
dence indicates that postglacial migrational lags in
plant species ranges occurred (Normand et al., 2011)
and that forests continued to expand at the begin-
ning of the Holocene during the climatic optimum
(Huntley & Birks, 1983; Roberts, 1998; Kleinen
et al., 2011). Reconstructed ranges for the European
wild cat, pine marten, and European polecat indicate
an expanding distribution for the European wild cat
and the European polecat from the Mesolithic to the
Neolithic (Figure 4.3) suggesting that these species

Neolithic

Mesolithic

could have continued to increase their postglacial dis-
tribution into the first half of the Holocene (Crees
et al., 2016). However, as these range expansions
occurred within bootstrapped limits, they cannot be
considered significant increases. Expanding human
populations, for example, could have increased the
number and spread of subfossil records from archaeo-
logical sites, rather than reflecting a spread in the spe-
cies themselves. On the other hand, as there are no
natural fossil sites containing these species prior to the
Neolithic in some regions either, the possibility of con-
tinued range expansion cannot be entirely ruled out.
Given the relative climatic stability of the Holocene,
the distribution of most mammal species during the
Mid-Late Holocene was predominantly influenced by
humans. Several large herbivores became extinct or
extinct in the wild due to hunting and habitat loss, e.g.

Medieval

Figure 4.3 Maps showing the extent of occurrence (EOQ) for the European wild cat, Felis silvestris, the pine marten, Martes
martes, and the European polecat, Mustela putorius, for the Mesolithic (~11.5-7kya), Neolithic (~7-5 kya), and Medieval
(~1.5-0.5kya). The ranges outlined in red indicate a significant decline.
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the aurochs, Bos primigenius, and the European bison,
Bison bonasus. Several large carnivores were extir-
pated from large parts of their ranges, e.g. the grey
wolf, the brown bear, and the Eurasian lynx, Lynx
lynx, although they survived across much of their
respective ranges for longer and declined more
recently. By contrast, smaller carnivores were gener-
ally more resilient to human impacts and did not suf-
fer widespread declines associated with many larger
mammals. Analysis of Holocene range dynamics sug-
gests that the pine marten and the European polecat
declined significantly in range only as late as the
Medieval period (Figure 4.3). The European wild cat
did not significantly decline during any time period
during the pre-modern Holocene, although it did dis-
appear from northern peripheral regions of its range,
for example, Ireland and Scandinavia, where it only
briefly colonized during the -climatic optimum
(~9-5kya) before becoming extinct (Lepiksaar, 1986;
McCormick, 1999). This was probably due to the
unfavourable climate at the end of this period and
possibly exacerbated by smaller founder populations
and the fact that they were isolated from mainland
European populations. It should be noted that all Late
Holocene range reconstructions were heavily influ-
enced by Spain, Portugal, and Italy where the subfos-
sil record is poorer. As a consequence, the lack of
records in these regions during the Medieval period
may have skewed distributions for all three species
during this time period where, in fact, all continued to
persist (Mitchell-Jones et al., 1999), though perhaps at
reduced populations, which may have contributed to
their scarcity in the subfossil record.
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The present study demonstrates that both the subfossil
record and molecular data are powerful tools for recon-
structing the spatio-temporal dynamics of small carni-
vore species in Europe. However, it has also revealed
gaps in our current understanding and, therefore, we
highlight potential future multidisciplinary research
directions regarding the Late Quaternary biogeography
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the smaller mustelid species in Eurasia remains poorly
understood, and the enigmatic Mid- and Late Holocene
presence of the wolverine in steppe areas of south-
eastern Europe also requires further examination
(Sommer & Benecke, 2004 and references therein).
Another potential area for investigation is the apparent
congruency of the stone marten colonization of Europe
alongside the expansion of Neolithic farmers from Asia
Minor. Finally, we encourage the use of multiple
sources of Quaternary data to explore past small carni-
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techniques to support this research.
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Ecomorphological Disparity of Small Carnivore Guilds
Carlo Meloro*
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SUMMARY

Mammalian species composition might change in relation to biotic or abiotic factors depending on the scale of
investigation. Ecomorphology is one of the tools that can be employed to understand how species composition
changes through space and time. Here, the morphological diversity of small carnivore guilds (defined as a pool of
carnivoran species whose body mass is < 7 kg) is explored using 2D geometric morphometrics of mandibles
belonging to 61 species.A strong taxonomic signal emerges by looking at mandibular morphospace so that separa-
tion of carnivoran families is apparent. Mustelids are the most distinct, being characterized by a short and curved
mandibular corpus, while felids exhibit a typical hypercarnivore mandible with no crushing molar area. Overlap
occurs between canids, viverrids, and herpestids possibly in relation to their generalized feeding habits and killing
behaviours.When species are grouped according to their presence/absence into six carnivoran species-rich ecosys-
tems, an ecogeographical pattern occurs. Guilds from higher latitudes such as Yellowstone (USA) and Krokonose
(Europe) together with the Kruger (South Africa) assemblage are highly depleted of mandibular morphotypes. In
contrast, guilds from tropical areas (Gunung Lensung, Indonesia; Yasuni, Ecuador; and La Amistad, Panama) exhibit
high diversity of mandibular shapes corresponding to higher values of morphological disparity. This latter param-
eter correlates positively with precipitation variables, supporting a strong influence of climate on the historical
community assembly of small carnivore guilds. Clearly,small carnivores can play a key role in ecosystem function-
ing and more theoretical work is needed to better identify this at multiple spatial and temporal scales.

Keywords

Climate - community assemblage - geometric morphometrics - mandible shape — morphospace — Mustelidae

Introduction

the one hand abiotic factors influence species ecology
Ecological differences between animal species provide and distribution, on the other hand biotic interac-
compelling evidences in understanding their distribu- tions act as a balancing ecological force that might
tion through space and time (Rosenzweig, 1995). On generate unpredictable patterns. In this regard,

*Corresponding author.

Small Carnivores: Evolution, Ecology, Behaviour, and Conservation, First Edition. Edited by Emmanuel Do Linh San, Jun J. Sato,
Jerrold L. Belant, and Michael J. Somers.
© 2022 John Wiley & Sons Ltd. Published 2022 by John Wiley & Sons Ltd.

85U0|7 SUOWIWOD 8A 281D 3|l (dde auy Aq pauseno aJe Sajoie VO ‘8sn Jo e 10} Akeid 8UlUQO AS[IAA UO (SUORIPUCO-pUe-SWLBI/LIY" AB 1M ARl 1 [pUl|UO//SANY) SUOTIPUOD pue swie | 8y 89S *[£202/2T/.z] uo Ariqiauljuo As|im ‘AisieAlun axeis opelojoD Aq /iop/woo A Akeiqijeujuoy/sdny woly pepeojumod



94

Ecomorphological Disparity of Small Carnivore Guilds

carnivorans (mammals of the order Carnivora)
received considerable attention because they are gen-
erally secondary consumers and apex predators in
many trophic chains and they include species with a
high degree of ecological interactions (Gittleman, 1985;
Donadio & Buskirk, 2006; Davies et al., 2007; Davis
et al., 2019). Such interactions are significantly docu-
mented by direct or indirect competition between taxa
due to overlap in a trophic niche or spatial selection
(Palomares & Caro, 1999).

On an evolutionary time-scale, the interplay of abiotic
and biotic factors is considered the main driving force of
carnivoran  morphological  diversification  (Van
Valkenburgh, 1999; Wesley-Hunt, 2005; Goswami, 2010),
supporting a direct link between carnivoran’s ecology
and morphology. The term ‘ecomorphology’ well
describes this link (Wainwright, 1994): species are func-
tional units within ecosystems and their function is
determined by their anatomy (Polly, 2010; Polly
et al., 2011). This innovative ecological concept allows
species-specific phenotypes to be re-interpreted into a
wider context of community analyses. By looking at
functional morphology and how it varies across species,
it is possible to predict the potential impact of abiotic and
biotic factors on animal communities.

The distribution of carnivoran ecomorphologies
can change across the continents (Werdelin & Wesley-
Hunt, 2010), although it appears to be unchanged
over time when only large taxa are considered (Van
Valkenburgh, 1985, 1988, 1995; Meloro, 2011a). In this
chapter, I investigate ecomorphologies of small car-
nivorans (hereafter small carnivores) across different
ecosystems in order to identify abiotic or biotic
factors responsible for their current assemblage within
communities.

The Small Carnivores

Defining small carnivores can be a challenge due to the
broad ecological and biological diversity. The suffix
‘large’ or ‘small’ relates to how humans perceive animal
species. The grey wolf, Canis lupus, the tiger, Panthera
tigris, the lion, Panthera leo, or the spotted hyena,
Crocuta crocuta, are generally associated with large
fierce beasts, but smaller forms such as the omnivorous
red fox, Vulpes vulpes, become difficult to categorize.

The concept of ‘guild’ (Root, 1967) can help clarify
such an issue because it groups all species capable of
exploiting the same resource in a similar way.
Simberloff & Dayan (1991) provided a broad overview
of the use and misuse of guilds, especially in the car-
nivoran literature, and there is no right or wrong guild
definition. Van Valkenburgh (1985, 1988, 1989) pio-
neered the use of the term ‘large’ carnivores as a group
of Carnivora that includes all species whose average
body weight is >7kg. On the other hand, Carbone
et al. (1999) identified an eco-physiological threshold
in carnivoran species bigger than 21.5kg that are gen-
erally apex predators with a strong functional role
within an ecosystem. Are there any thresholds to
define small carnivore guilds? Friscia et al. (2006)
studied ‘small’ carnivoran ecomorphologies including
all species weighing < 10kg, while Roemer et al. (2009)
recently grouped small carnivores as ‘mesopredators’
whose body mass is <15kg.

Defining the ‘small’ threshold might be problematic,
and here I have considered 7kg as a valid ecomor-
phological threshold. Due to the main focus on the
carnivoran mandible shape, this value is highly appro-
priate because all taxa above or below this threshold
show distinct mandibular morphologies irrespective
of their phylogenetic relatedness (Meloro &
O’Higgins, 2011). Such a definition is operationally
useful as it provides a direct link with previous studies
on carnivoran morphological diversity over space
and time (Van Valkenburgh, 1985, 1988, 1989;
Meloro, 2011a). Consequently, small carnivores are
defined here as all members of the order Carnivora
whose average body weight is <7kg, including taxa
from the tiny least weasel, Mustela nivalis, that weighs
a few hundred grams to the relatively large northern
raccoon, Procyon lotor (6.4kg; Gittleman, 1985).

Mandibular Shape in Carnivora

The mandible has a dual function in the mammalian
skeleton: (i) it provides support to the developing
dentition; (ii) it provides attachment to the main mas-
ticatory muscles (temporalis, masseter, and zygomati-
comandibularis) (Herring, 1980, 1993). Both these
functions are integrated parts of the complex feeding
system and can be used to predict feeding adaptations
from skeletal morphology only. Early anatomical
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investigations by Herring & Herring (1974), Greaves
(1983, 1985), and Radinsky (1981a,b, 1982) identified a
significant association between mandibular morphol-
ogy and diet in mammals in general and carnivorans
in particular. Interestingly, such association did not
emerge directly from mandibular metric data that are
better descriptors of species’ taxonomic affiliation
(Crusafont-Pair6 & Truyols-Santonja, 1957).

In spite of the significant progresses made in the
quantification of complex biological shapes (Adams
et al., 2004, 2013; Lawing & Polly, 2009), ecomorpho-
logical patterns within carnivorans are still remarka-
bly unchanged: taxonomic differences always emerge
when describing mandibular (and skull) morphology,
while shape differences between dietary groups are
subtle especially after phylogenetic relatedness is
taken into account (Meloro et al., 2008, 2011;
Figueirido et al., 2010, 2011, 2013; Meloro &
O’Higgins, 2011; Prevosti et al., 2012). This is due
to the strong interplay between carnivoran feeding
adaptations and clade differentiation (Crusafont-Pairé
& Truyols-Santonja, 1956, 1957, 1958; Meloro &
Raia, 2010): many feeding ecologies can be specific to
certain taxonomic groups (e.g. all felids show hyper-
carnivorous craniodental morphologies related to
their strictly meat-eating diet). In particular, the
expansion or reduction of molar crushing vs. slicing
area (Van Valkenburgh, 1989) drives such patterns
of dietary differentiation in carnivorans and it signifi-
cantly describes differences in mandibular mor-
phologies across species (both small and large, see
Popowics, 2003; Friscia et al., 2006; Meloro, 2011b;
Asahara, 2013).

Ecomorphological Disparity

Since mandible shape is made up of a complex suite of
traits, it requires high dimensional data (e.g. a suite of
multiple measurements or functional ratios) to be
described in detail. Multivariate techniques such as
Principal Component Analysis reduce such data into
orthogonal vectors that generally describe what is
called a ‘morphospace’. Species within the mor-
phospace are dots whose distribution can possibly be
influenced by multiple factors.

Foote (1992, 1993) introduced disparity as a way
to measure and describe species’ distributions in a

Methods

morphospace. Disparity quantifies the morphospace
volume occupied by a specific set of taxa. This metric
was generally employed to investigate macroevolu-
tionary patterns such as the relative expansion or con-
traction of some particular clades relative to others.
For Carnivora, Van Valkenburgh (1999) identified a
stasis in ecomorphological disparity through time,
while Holliday & Steppan (2004) supported a smaller
morphospace occupation by hypercarnivorous (strictly
meat-eating) species relative to other ecomorphologi-
cal groups. A recent study by Werdelin & Wesley-Hunt
(2010) confirmed such findings although they identi-
fied less ecomorphological disparity for canids com-
pared to other clades. Similar disparity values occurred
for carnivoran species from different continents.
Accordingly, the disparity is computed here as a meas-
ure of the small carnivore guild distributions across
different continents in the mandibular morphospace.
Ecogeographical patterns are expected to occur
because previous studies showed that disparity of geo-
graphically distinct mammalian assemblages changes
with latitude (Shepherd, 1998).

Methods

Mandibles belonging to 61 species of carnivorans were
photographed in lateral view and subsequently ana-
lyzed using the software tpsDig2 (Rohlf, 2015). This is a
subset of data collected by Meloro & O’Higgins (2011)
and includes wild-captured adult specimens represent-
ative of small (< 7kg) taxa housed at the Natural History
Museum of London. Species selection was drawn from
lists of six carnivoran species-rich terrestrial ecosystems
(Bio Inventory, source: http://www.ice.ucdavis.edu/
bioinventory/bioinventory.html): Krokonose, Czech
Republic (n =12); Yellowstone, USA (n = 8); Gunung
Lensung, Indonesia (n = 18); Kruger National Park,
South Africa (n = 12); Yasuni, Ecuador (n = 10); and La
Amistad, Panama (n = 12) (Table 5.1). Intraspecific
variation was not explored here according to other eco-
morphological studies that looked at macroevolution-
ary (i.e. above species level) patterns within the Order
Carnivora (e.g. Van Valkenburgh, 1985, 1988, 1989;
Christiansen & Adolfssen, 2005; Evans et al., 2007;
Polly & MacLeod, 2008; Meloro & O’Higgins, 2011;
Meloro, 2011a,c).
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Table 5.1 List of small carnivore species guilds geographically partitioned.

Krokonose (n =10)

Yellowstone (n =8)

Kruger (n =12)

Gunung Lensung (n = 18)

Yasuni (n = 10)

La Amistad (n = 12)

Felis silvestris

Martes foina

Martes martes

Mustela erminea
Mustela eversmanii
Mustela nivalis

Mustela putorius
Neovison vison
Nyctereutes procyonoides

Vulpes vulpes

Lontra canadensis
Martes americana
Mephitis mephitis
Mustela erminea
Mustela frenata
Neovison vison
Pekania pennanti

Procyon lotor

Atilax paludinosus
Galerella sanguinea
Genetta genetta
Genetta maculata
Helogale parvula
Herpestes ichneumon
Ichneumia albicauda
Ictonyx striatus
Mungos mungo
Otocyon megalotis
Paracynictis selousi

Rhynchogale melleri

Aonyx® cinereus
Arctogalidia trivirgata
Catopuma badia
Cynogale bennettii
Hemigalus derbyanus
Lutra sumatrana
Martes flavigula
Mustela nudipes

Paguma larvata

Paradoxurus hermaphroditus

Pardofelis marmorata
Prionailurus bengalensis
Prionailurus planiceps
Prionodon linsang

Urva brachyura

Urva semitorquata
Viverra tangalunga

Viverricula indica

Eira barbara

Galictis vittata
Herpailurus yagouaroundi
Leopardus tigrinus
Leopardus wiedii

Mustela africana

Nasua nasua

Potos flavus

Procyon cancrivorus

Speothos venaticus

Bassaricyon gabbii
Bassariscus sumichrasti
Conepatus semistriatus
Eira barbara

Galictis vittata
Herpailurus yagouaroundi
Leopardus wiedii
Mustela frenata

Nasua narica

Potos flavus

Procyon lotor

Urocyon cinereoargenteus

“Scientific names are sorted alphabetically. For English names and other attributes of the listed small carnivore species, see Appendix A. n = number of species in each guild.
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Methods

Figure 5.1 The position of landmarks on a mandible outline of red fox, Vulpes vulpes (NHM 1992.541). 1-2: anteroposterior
diameter of c1; 2-3: diastema length; 3-4: length of the premolar row; 4-6: length of the molar row; 5: projection of the
protocone cusp on the m1 baseline; 2-14: the thickness of the mandibular corpus (corpus mandibulae) under the canine;
4-13 and 6-12: the thickness of the mandibular corpus under molar row; 7: the tip of the coronoid process (processus
coronoideus); 8-9: maximum depth of the condylar process (processus condylaris); 10: most lateral extreme point of the
angular process (processus angularis); 11: the ventral extreme of angular process. The total scale bar equals 1.0cm.

Two-dimensional (2D) coordinates of 14 landmarks
(Ind) were recorded on each mandibular photograph
using tpsDig2 (Rohlf, 2015; Figure 5.1). The land-
marks functionally describe anatomical features
including canine (Ind 1-2), premolar row (Ind 3-4),
molar slicing (Ind 4-5) and crushing (Ind 5-6) area,
coronoid (Ind 7), condyle (Ind 8-9), and angular pro-
cess (10-11), as well as mandibular corpus depth (Ind
12-14). Meloro (2011b) and Meloro & O’Higgins
(2011) consistently proved the existence of an associa-
tion between this shape configuration and feeding
adaptations in extant and fossil carnivorans.

Generalized Procrustes Analysis (Rohlf & Slice, 1990)
was employed to translate, rotate, and scale the 2D land-
mark coordinates to a unit centroid size (i.e. the square
root of the sum of the squared distances of a set of land-
marks from the configuration centroid; Bookstein, 1989).
The newly registered coordinates (i.e. Procrustes coordi-
nates) were projected into thin-plate spline function,
and a weight matrix of affine (Uniform) and non-affine
(Partial Warps) components was generated. Relative
Warp Analysis (RWA) was subsequently employed using
tpsRelw (Rohlf, 2015) to identify orthogonal vectors
(Principal Components, here named Relative Warps)
that summarize shape variation described by the ele-
ments of the weight matrix. Such a procedure detects
main shape differences (quantifiable also as Procrustes
distances) within the morphospace via thin-plate spline:

deformation grids applied at the onset of each RW
extreme score summarize shape deformations from the
undeformed score positioned at the origin of each RW
axis (the consensus configuration).

Specimens were labelled according to taxonomic
affiliation and geographical guild membership (see
Meloro, 2011a) to scrutinize patterns of morphospace
occupation by small carnivores. Multiple analysis of
variance (MANOVA) was employed to test whether
taxonomic groups differ significantly in mandible
shape using Relative Warp scores as dependent and
family as a factor (Meloro et al., 2008). The morpho-
logical disparity (Foote, 1992, 1993) was computed to
quantify morphospace volume occupied by each geo-
graphical guild. In geometric morphometrics, the dis-
parity is obtained as the sum of squared procrustes
distances from each species to the grand group mean
divided by the number of group members minus 1
(Zelditch et al., 2003, 2004). This is exactly equivalent
to the sum of variances obtained from Relative Warp
scores for each identifiable group (in this case, the geo-
graphic guilds). By using the software IMP (Zelditch
et al., 2004), a series of 999 permutations was com-
puted each time to identify 95% confidence intervals
around the morphological disparity values. A two-
group permutation test was also employed to detect
whether differences in disparity values between
groups were larger or smaller than expected by chance.
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For each geographical guild, factors such as biocli-
matic variables and number of species within taxo-
nomic groups potentially predated by small carnivores
(Rodentia, Lagomorpha, and Marsupialia; Ewer, 1973)
were also quantified using WorldClim database from
DIVA GIS (Hijmans et al., 2005) and species lists
drawn from the Bio Inventory. Those factors are
expected to possibly influence morphospace occupa-
tion and volume of small carnivore guilds (see
Meloro, 2011a for the case of large carnivores). Due to
the small number of guilds analyzed, a Spearman’s
rank correlation test was employed to explore any pos-
sible association between morphological disparity and
climatic or biotic factors (i.e. the number of prey spe-
cies identified in each guild; Meloro, 2011a).

Results

Relative Warp Analysis extracted 24 orthogonal axes
with the first nine explaining altogether ~95% of the
shape variance. The first two Relative Warps explained
34.39% and 22.49% shape variances, respectively
(Figure 5.2). These axes describe clear partitioning of

broad taxonomic groups: all mustelids occupy positive
RW1 scores and negative RW2 scores, felids show inter-
mediate RW1 scores and highly positive RW2 scores,
while canids, herpestids, and viverrids are distinguished
for their generally negative RW1 scores; procyonids
occupy all areas of the morphospace. MANOVA con-
firmed such a significant partitioning of RW1/2 mor-
phospaceareasby family groups (Wilk’slambda = 0.1326,
F = 18.86, df = 10, 108, p <0.0001) with mustelids and
felids being the most different groups of all the other
taxonomic combinations (Table 5.2).

RW1 describes (from negative to positive scores) the
relative shortening of the mandibular corpus (corpus
mandibulae) due to a smaller premolar row and a
curved corpus profile detectable in mustelids. The
mandibular ramus (ramus mandibulae) is tall and
slender in this group, while it becomes enlarged hori-
zontally and short vertically in small feliform car-
nivorans such as herpestids and viverrids at the
negative RW1 scores. RW2 correlates with changes in
the main position of landmark 5 that separates the
molar slicing from the crushing area, thus determin-
ing the unique condition of hypercarnivorous felids
that occupy extreme positive scores on this axis. The
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Figure 5.2 Scatter plot of RW1 vs.RW2 for a sample of mandibles belonging to 61 small carnivore species (labelled
according to family). Transformation grids visualize shape deformation relative to the mean (regular grid, not shown) at the

positive and negative extremes of Relative Warp (RW) axes.
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Table 5.2 Probability values for pairwise Hotelling’s t square comparisons performed using the first two RWs are shown

below the diagonal.

Canidae Felidae Herpestidae Mustelidae Procyonidae Viverridae
Canidae — 0.04 1.00 <0.0001 1.00 1.00
Felidae <0.001 — <0.0001 <0.0001 0.11 <0.001
Herpestidae 0.65 <0.0001 — <0.0001 0.43 0.36
Mustelidae <0.0001 <0.0001 <0.0001 — <0.001 <0.0001
Procyonidae 0.17 0.01 0.03 <0.0001 — 0.09
Viverridae 0.26 <0.0001 0.02 <0.0001 0.01 —

The p-values with Bonferroni correction are shown above the diagonal. Significant differences (p <0.05) are indicated in bold.

mandibular ramus is also projected more posteriorly in
species at positive RW2, evidencing an almost straight
profile for the corpus that is more curved posteriorly in
species at the negative end of this axis (Figure 5.2).

When species are labelled according to their guild
affiliation, distinct patterns in morphospace occupations
occur: the guild of Yellowstone is highly depleted in
morphotypes together with that of Kruger (Figure 5.3).
Morphologically richer small carnivore guilds are from
tropical areas such as La Amistad and Gunung Lensung
that exhibit also a higher number of taxa.

Morphological disparity analysis partially confirmed
this trend with Kruger and Yellowstone showing the
smallest values and La Amistad and Gunung Lensung
the highest (Figure 5.4). The 95% confidence intervals
are broad and, therefore, no significant differences
were detected in disparity values except between
Gunung Lensung and Yellowstone, whose disparity
difference is higher than expected by chance 95% of the
times (Table 5.3). A non-parametric Spearman’s rank
correlation identified a significantly positive correla-
tion between disparity and climatic precipitation vari-
ables, while a strong negative correlation was found
with numbers of lagomorph species recorded in each
of the analyzed ecosystems (Table 5.4, Figure 5.4).

Discussion

The mandible shape of small carnivores exhibits an
evident taxonomic signal and this pattern is no excep-
tion in carnivoran datasets. Previous morphometric
studies identified a similar degree of morphospace

segregation by family both on large extant and fossil
carnivorans (Meloro et al., 2008; Figueirido
et al., 2010, 2011, 2013; Meloro, 2011a,b, 2012) and
all extant carnivorans sensu lato (Meloro &
O’Higgins, 2011). The most distinct groups of small
carnivores are the hypercarnivorous felids and the
mustelids (Figure 5.2): small predatory cats show a
more reduced molar crushing area than the rest of
small carnivore clades while mustelids are distin-
guished by a more posteriorly curved mandibular cor-
pus. Such main feature of mandibular shape variation
is in agreement with earlier investigations on car-
nivoran skulls (see Radinsky, 1981a,b, 1982) that
especially highlighted the unique mustelid condition
of masticatory muscles arrangement: the posterior
temporalis is generally more developed in this group,
thus imposing an almost straight and anteriorly
curved configuration in the shape of the ramus man-
dibulae (Ewer, 1973). This configuration also influ-
ences to some extent the glenoid fossa — a structure
that provides articulation between the cranium and
the mandibular condyle to allow more efficient masti-
catory loading during the carnassial (lower m1 and
upper P4) shear bite. The m1 slicing area is also
enlarged as typical of highly carnivorous, predaceous
forms (e.g. weasels) but not in such an extreme way as
in the felids.

On the opposite area of the mandibular mor-
phospace, small canids, herpestids, and viverrids show
considerable overlap. This pattern was already high-
lighted by Meloro & O’Higgins (2011) and it appears to
be the result of more generalized omnivorous feeding
adaptations. Small canids, here represented by fox-like
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Figure 5.3 Scatter plots of RW1 (x-axis, scale =0.15/+0.15) vs. RW2 (y-axis, scale -0.15/+0.15) showing each extant small
carnivore guild highlighted by closed circles: Krokonose, Czech Republic (n =12); Yellowstone, USA (n = 8); Kruger National
Park, South Africa (n = 12); Gunung Lensung, Indonesia (n = 18); Yasuni, Ecuador (n = 10); and La Amistad, Panama (n = 12).
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Figure 5.4 Disparity values (circles) computed for morphospace of each extant small carnivore guild superimposed on
annual precipitation values (in mm/year). The vertical dotted bars correspond to 95% confidence intervals around
morphological disparity values after 999 randomizations. The solid line shows precipitation values from different localities.
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Discussion
Table 5.3 Two-group permutation tests for differences in disparity values between small carnivore guilds.
Krokonose Yellowstone Kruger Gunung Yasuni La Amistad

Krokonose — 0.95 0.93 0.41 0.93 0.90
Yellowstone 0.0013 — 1.00 0.05 0.93 0.82
Kruger 0.0019 0.0007 — 0.24 0.85 0.60
Gunung 0.0026 0.0039 0.0045 — 1.00 1.00
Yasuni 0.0025 0.0038 0.0045 0.0001 — 1.00
La Amistad 0.0027 0.0040 0.0047 0.0001 0.0002 —

Below the diagonal are differences in disparity in absolute values. Above the diagonal are p-values after 999 permutations. Significant
differences (p <0.05) are indicated in bold. Gunung Lensung is here abbreviated as ‘Gunung’.

morphotypes (e.g. Vulpes vulpes in Figure 5.2), are
mostly distinguished by the negative RW2 scores.
On the other hand, the hypercarnivorous bush dog,
Speothos venaticus, together with the bat-eared fox,
Otocyon megalotis, occupy more positive RW2 scores
towards felids’ morphospace (Figure 5.2). The bush
dog scores close to the origin of the RW1 axis due
to its highly developed molar slicing area (Van
Valkenburgh, 1991), while the bat-eared fox occupies a
more negative RW1 score due to its longer molar row
with undifferentiated m1 as a result of its insectivo-
rous feeding habit (Ewer, 1973).

Viverrids and herpestids also occupy negative RW1
scores and they show a degree of morphospace parti-
tioning. Wesley-Hunt et al. (2010) identified an over-
lap in ecomorphologies of these two families, although
this pattern is not detected here, with viverrids being
characterized by a much thinner mandibular corpus
especially below the molars (extreme negative RW1
scores and slightly negative RW2), while herpestids
have a thicker corpus below the enlarged molar
crushing area (less negative RW1 and more negative
RW2). A thick corpus is correlated with hard food
consumption in carnivorans, although this is mostly
based on studies about large bone cracker carnivorans
(Werdelin, 1989; Raia, 2004; Meloro et al., 2008;
Figueirido et al., 2013). The diet of omnivorous and
insectivorous mongooses might also include crabs
(e.g. the marsh mongoose, Atilax paludinosus) or other
relatively hard dietary items such as insect exoskele-
tons (Ray, 1997) that require longer and more rapid
masticatory cycles. These cycles impose higher masti-
catory loadings when compared to more predatory

viverrids that mostly focus their diet on small mam-
mals and other vertebrates (Ewer, 1973).

Another mandibular feature that distinguishes
viverrids from herpestids is the much longer angular
process in the former group (Figure 5.2). A long angu-
lar process suggests more developed superficial mas-
seter fibres whose action includes a forward pulling
component: this could be linked to the killing behav-
iour of genets that use a series of rapid but imprecise
bites in contrast to the use of a single precise bite in
mongooses (Ewer, 1973).

Procyonids also show an interesting pattern in
morphospace occupation with both omnivorous
coatis, Nasua spp., clustering within viverrids’ mor-
phospace (the two white circles that occupy negative
RW1 scores and positive RW2 scores; Figure 5.2). The
northern raccoon is very close to the consensus con-
figuration (i.e. the origin of RW1/2 axes), while the
frugivorous kinkajou, Potos flavus, plots near the tayra,
Eira barbara, a South American mustelid (Figure 5.2).
Procyonids exhibit a very high polymorphism in the
mandible shape as a possible result of their broad
dietary niche differentiation through time. Early
members of Procyonidae had a generalized dentition
that allowed them to evolve distinct morphologies in
relation to more plant-dominant food consumption
(Koepfli et al., 2007). The frugivorous kinkajou has
always been considered a peculiar form (Figueirido
et al., 2010) that occupies here extreme positive scores
of RW1 due to its musteloid corpus curvature and
expansion of the molar crushing area.

Even if taxonomy and (to some extent) diet are
recognized as some of the main factors explaining

101

85U0|7 SUOWIWOD 8A 281D 3|l (dde auy Aq pauseno aJe Sajoie VO ‘8sn Jo e 10} Akeid 8UlUQO AS[IAA UO (SUORIPUCO-pUe-SWLBI/LIY" AB 1M ARl 1 [pUl|UO//SANY) SUOTIPUOD pue swie | 8y 89S *[£202/2T/.z] uo Ariqiauljuo As|im ‘AisieAlun axeis opelojoD Aq /iop/woo A Akeiqijeujuoy/sdny woly pepeojumod



102

Ecomorphological Disparity of Small Carnivore Guilds

Table 5.4 Non-parametric Spearman’s rank correlation
coefficients (rs) and p-values between potential prey or
bioclimatic variables and morphological disparities of six

small carnivore guilds.

Variables rs p
Number of Insectivora —0.72 0.12
Number of Rodentia 0.77 0.10
Number of Lagomorpha —0.88  0.05
Total number of preys 0.66 0.14
Total number of marsupials 0.60 0.18
biol = Annual mean temperature 0.14 0.71
bio2 = Mean diurnal range (mean of —0.43 0.36
monthly [max. temp - min. temp])

bio3 = Isothermality (bio2/bio7)(x100) 0.54 0.24
bio4 = Temperature seasonality —0.66 0.14
(standard deviation x 100)

bio5 = Max. temperature of the —0.26  0.56
warmest month

bio6 = Min. temperature of the coldest 0.55 0.27
month

bio7 = Temperature annual range —0.60  0.18
(bio5 - bio6)

bio8 = Mean temperature of wettest —0.03 1.00
quarter

bio9 = Mean temperature of driest 037 042
quarter

bio10 = Mean temperature of warmest —0.03 1.00
quarter

bioll = Mean temperature of coldest 0.43 0.36
quarter

biol2 = Annual precipitation 0.83  0.03
biol3 = Precipitation of wettest 0.89 0.02
month

biol4 = Precipitation of driest 0.83 0.03
month

biol5 = Precipitation seasonality 0.09 0.80
(coefficient of variation)

biol6 = Precipitation of wettest 0.89  0.02
quarter

biol7 = Precipitation of driest 0.83  0.03
quarter

biol8 = Precipitation of warmest 094 0.01
quarter

bio19 = Precipitation of coldest 0.77  0.10

quarter

Significant correlations (p <0.05) are indicated in bold.

species distribution within the small carnivore man-
dibular morphospace, no geographic patterns become
apparent. Both viverrids and herpestids are evidently
absent in guilds from Europe and North America
(Figure 5.3) that exhibit a higher number of mustelid
morphotypes. The Yellowstone guild lacks small felid
morphotypes possibly due to the generalized niches of
the ‘large’ bobcat, Lynx rufus, and the Canada lynx,
Lynx canadensis, whose diet can focus mainly on lago-
morphs and small rodents. The South African guild
shows an opposite trend with a community highly
depleted of mustelid morphotypes but enriched with
viverrids and herpestids, while Asiatic, Central, and
South American morphospaces show a homogenous
species distribution in all areas of the morphospace
(Figure 5.3). Ewer (1973) and Hunt (1996) already
highlighted the mustelid/viverrid-herpestid pattern
observed in the Old World and the mandibular mor-
phospace confirms how long-term evolutionary pro-
cesses generated the species distribution we observe
today. This pattern has little influence on morphologi-
cal disparity which is generally low in European,
North American and African guilds (Figure 5.4). The
most morphologically diverse communities are
detected across the tropics. This observation partially
confirms previous findings by Shepherd (1998) who
performed a latitudinal survey of morphological dis-
parity in mammalian communities from North
America. She concluded that at higher latitudes, spe-
cies have lower shape diversity than in the tropics.
This trend is independent of species number so that
no correlation occurs between species richness and
morphological disparity (Foote, 1992, 1993).

No association between small carnivore guild
disparity and latitude or longitude was detected; how-
ever, the inclusion of bioclimatic variables supports a
very strong positive influence of precipitation varia-
bles. The relative impact of climate on ecomorpholo-
gies of carnivoran communities was highlighted by
Polly (2010) in a survey on locomotory skeletal traits
across North American species. Ecogeographical pat-
terns are also broadly evident in the majority of mam-
malian groups, including small carnivores (e.g.
mustelids; Meiri et al., 2007). In theory, the climate
might influence morphological variability of small
carnivore species assemblages indirectly via diversifi-
cation of their potential prey (e.g. rodents). This is
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clearly not the case: the number of rodent species and
other small mammalian prey are not significantly cor-
related with small carnivore morphological disparity
(Table 5.4). Only the number of lagomorph species
shows a negative association with disparity. Different
explanations can be considered here for such a
counter-intuitive pattern:

1) Number of prey species might not be a good predic-
tor of small carnivore morphological disparity sim-
ply because it is the wrong metric to consider. Prey
biomass is expected to influence more directly small
predator populations and eventually their species
composition via competitive exclusion (Powell &
Zielinski, 1983; Norrdahl & Korpimiki, 1995;
St-Pierre et al., 2006).

2) Although lagomorphs are the focal prey species for
only a small fraction of small carnivores, their
abundance and diversity can strongly impact the
feeding behaviour of different species within this
guild. For instance, Carvalho & Gomes (2004) stud-
ied niche partitioning among four sympatric small
carnivores and observed niche convergence
between the red fox and the European wild cat,
Felis silvestris, during periods of an abundance of
wild rabbits, Oryctolagus cuniculus, thus facilitat-
ing their co-existence. This pattern, on a broader
and longer evolutionary time scale, might have
generated the negative trend we observe today:
lagomorph-rich communities might support a
higher richness of small carnivores (generally mus-
telids with higher bite forces; Christiansen &
Wroe, 2007) with more similar morphotypes (hence
lower disparity values).

The strong negative correlation between the
number of lagomorphs and precipitation variables
(with biol8, r¢ =-—0.99; with biol3 and biolé,
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Beyond Black and White: Addressing Colour Variation
in the Context of Local Environmental Conditions
for the Aposematic North American Hog-nosed Skunk
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SUMMARY

Among mammalian carnivores, skunks (family Mephitidae), with their bold aposematic colouration, represent an obvious and
interesting group for testing hypotheses associated with colour-pattern evolution. Herein, we introduce and develop a novel
technique for quantifying intraspecific variation in colour patterns for the North American hog-nosed skunk, Conepatus leu-
conotus, to test for associations between local environmental conditions and dorsal stripe variation. Using digital photographs
of 262 museum study skins in combination with spatially explicit interpolation and modelling techniques, we found that vari-
ation in the size and extent of the white dorsal stripe (and, consequently, the extent of black fur along the dorsum) of C. leu-
conotus is non-randomly distributed across the landscape. The extent of dorsal whiteness appears to peak across the
southwest desert states of Arizona, New Mexico, and Texas, with reduced whiteness along the Gulf Coast and in Central
America, a pattern consistent with Gloger’s rule. Generalized dissimilarity modelling revealed that differences in dorsal white-
ness were related to differences in canopy cover,ground surface moisture,and temperature variability, whereas random forest
analysis found three variables related to minimum temperatures to be the best predictors of variation in dorsal whiteness
extent. Such relationships could indicate that skunks with more white along the dorsum (and less black) may benefit (i.e.
experience reduced rates of predation) from increased visibility in more arid, open environments, whereas skunks with
reduced dorsal whiteness (and increased blackness) may benefit by remaining hidden among the dark understory character-
istic of more closed-canopy, aseasonal environments. These results imply that evolutionary trade-offs between conspicuous-
ness and crypsis may be responsible for shaping colour polymorphisms in this aposematic small carnivore.

Keywords

Aposematic colouration — crypsis — ecomorphology — generalized dissimilarity modeling — intraspecific variation —
Mephitidae

Introduction

Understanding underlying drivers of colouration in
mammals remains an important topic in evolutionary
ecology (Caro, 2005a). Mammalian carnivores, whose
evolutionary and ecological diversity support a wide

*Corresponding author.

variety of colour patterns (Wilson et al., 2009), provide
an excellent group in which to investigate the evolu-
tion of colour pattern and arrangement. Given this
diversity and their charismatic nature, carnivores have
long been the focus of research on colour evolution
(Pocock, 1908; Stankowich et al., 2011, 2014),
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especially regarding signalling and defence (Ortolani,
1999; Caro, 2005b; Newman et al., 2005). Among
carnivores, skunks (family Mephitidae) represent an
obvious and interesting group for testing hypotheses
associated with colour patterns. They constitute a clas-
sic example of species that possess aposematic colour-
ation, where their black and white patterns function to
warn predators of their defence system (Lariviere &
Messier, 1996; Caro, 2009): a noxious cocktail of chem-
icals sprayed from modified anal glands (Wood, 1999).
Although the currently recognized 12 species of
mephitids exhibit a variety of pelage patterns, ranging
from broken lines and spots in the spotted skunks of
the genus Spilogale to a uniform white dorsal stripe in
the North American hog-nosed skunk, Conepatus leu-
conotus, all appear to use colouration as a form of warn-
ing for their anal gland defence system (Dragoo, 2009).

In fact, this well-known defence system prompted
the inclusion of North American skunks as part
of Alfred Russell Wallace’s theory on aposematic
colouration (Wallace, 1867, 1889), and have been the
focus of studies on warning colouration ever since
(Pocock, 1908; Lariviere & Messier, 1996; Caro, 2011;
Stankowich et al., 2011; Caro et al., 2013). To date, most
studies on skunk colouration have focused on the
effectiveness of their colour patterns and behaviours in
repelling potential predators (Seton, 1920; Lariviére &
Messier, 1996; Hunter, 2009), although recent work has
examined ecological and evolutionary drivers of col-
ouration in more detail (Stankowich et al., 2014).
Despite the intense focus on skunks as a group, how-
ever, little attention has been paid to the degree of
intraspecific pelage variation within species. The few
studies that have addressed intraspecific colour-pattern
variation were either restricted in geographic scope
(Van Gelder & Kipp, 1968) or relied upon qualitative
characterizations only (Van Gelder, 1959; Dragoo
et al., 2003; Schiaffini et al., 2013).

Documenting intraspecific pattern variation across
a species’ distribution is important for both theoretical
and practical reasons. From a theoretical standpoint,
intraspecific variation in aposematic colouration has
implications for learning by local predators, i.e.
whether or not aposematic signalling has a frequency-
dependent component (Ruxton et al., 2009). Under
such conditions, whereby predators learn to general-
ize from past experiences with similar-looking prey,

rarer prey phenotypes may incur both advantages (e.g.
via reduced encounter rates or neophobic responses
from predators) and disadvantages (e.g. rarer pheno-
types are selected for by predators when evenly distrib-
uted among more common phenotypes; Greenwood
et al., 1989), both of which have direct consequences
for the evolution of variations of aposematic colour
schemes (Speed, 2001; Mappes et al., 2005). Frequency-
dependent aposematism can be especially important
when predator education regarding warning signals
is best achieved through a single, unified, and
repeated aposematic signal, a condition that could
reduce the rate of forgetfulness in would-be predators
(Speed, 2001). In addition, a growing body of work
challenges the binary categorization of animal colour
pattern as either cryptic or aposematic, offering new
evidence for intermediate aposematism (Ruxton
et al., 2009) within species and under different envi-
ronmental (Caro et al., 2013) or behavioural (Willink
et al., 2013) conditions. From a practical standpoint,
pattern and colour variation in skunks (Dragoo
et al., 2003; Schiaffini et al., 2013) and other small
carnivores (Groves et al., 2009) can be important in
informing taxonomic decisions (Cuozzo et al., 2013).

Based on colouration polymorphisms, the North
American hog-nosed skunk was historically recognized
as two separate species, the Gulf Coast hog-nosed
skunk, Conepatus leuconotus Lichtenstein 1832, and the
common hog-nosed skunk, C. mesoleucus Lichtenstein
1832 (Figure 6.1a; Dragoo & Sheffield, 2009).

Using 85 digital photographs of museum specimens
and six categories based on colour/striping pattern and
shape of the terminal white stripe on the head
(Figure 6.1b), Dragoo et al. (2003) found that C. leucono-
tus sensu stricto fell into categories 1 and 2 (reduced or
absent white dorsal stripes on the posterior; Figure 6.1b)
more often than C. mesoleucus, although each species
had individual representatives in all six categories. These
data, combined with craniodental measurements from
641 specimens and DNA sequence data from the mito-
chondrial D-loop of 16 individuals, led Dragoo et al.
(2003) to suggest recognition of a single species, C. leu-
conotus, a classification accepted by Wilson & Reeder
(2005) and followed by us throughout this manuscript.
Although Dragoo et al. (2003) found a general trend
toward increased whiteness in C. leuconotus from the
northwestern portion of its range, results suggested that

85U0|7 SUOWIWOD 8A 281D 3|l (dde auy Aq pauseno aJe Sajoie VO ‘8sn Jo e 10} Akeid 8UlUQO AS[IAA UO (SUORIPUCO-pUe-SWLBI/LIY" AB 1M ARl 1 [pUl|UO//SANY) SUOTIPUOD pue swie | 8y 89S *[£202/2T/.z] uo Ariqiauljuo As|im ‘AisieAlun axeis opelojoD Aq /iop/woo A Akeiqijeujuoy/sdny woly pepeojumod



(@)

R

0 250 500 1000

Kilometers

Figure 6.1

Introduction

Pattern 2

e
/-G':_".—\;._i’.-{-\
g

Pattern 5

Pattern 6

Curve Truncate

Wedge

(a) Ranges of two formerly recognized species of hog-nosed skunks: Conepatus leuconotus (thatched polygon)

and Conepatus mesoleucus (solid polygon) with associated colour variation for each species. (b) Colour categories used to

assess morphological variation in Dragoo et al. (2003).

assignment of subspecies or species status on the basis
of colour alone was insufficient. This degree of intraspe-
cific variation in C. leuconotus, together with its broad
distribution across a variety of habitat types and envi-
ronmental conditions (e.g. Sonoran desert to cloud for-
est), makeitan ideal species for investigating intraspecific
pelage variation in an aposematic small carnivore in the
context of local environmental conditions.

To carry out such a study, we developed a novel
technique for quantifying intraspecific variation in
colour patterns for C. leuconotus to test for associa-
tions between local environmental conditions and
colour patterns. Using digital photographs of more
than 250 museum skins, we assessed the degree of

dorsal-whiteness coverage (and, consequently, the
expanse of dorsal blackness) and environmental
correlates in this species. We first tested whether vari-
ation in whiteness is distributed randomly across the
landscape, and then whether such variation is associ-
ated with any suite of environmental characteristics.
Specifically, we wanted to examine the hypothesis that
colour patterns in skunks are not solely attributable to
aposematism, but that other factors such as conceal-
ment from predators via background matching (i.e.
crypsis) or physiological processes (i.e. thermoregula-
tion) may too contribute to the evolution of skunk
pelage patterns. Although evoking crypsis as an expla-
nation for bold arrangements of black and white fur
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seems counterintuitive, under certain conditions, such
as in forests with patches of light and dark, black and
white colouration may actually appear to be cryptic
(Caro, 2009). In fact, Gloger’s rule, which states that
dark colouration is more strongly developed in warm,
humid regions compared to cold and dry regions
(Gloger, 1833; Searle, 1968), often invokes crypsis as a
possible explanation, although the true mechanism
behind this pattern remains obscure (Kamilar &
Bradley, 2011). In addition, Searle (1968) hypothesized
that a darker coat colour could confer some form of
selective advantage under conditions of poor illumina-
tion, similar to the way in which melanic moths are
better concealed than non-melanic forms on smoke-
darkened trees. Thus, it seems feasible that colour
arrangements in the aposematic North American hog-
nosed skunk could be driven by both signalling efficacy
and a need to remain cryptic, at least in some capacity.
Our study provides one of the first attempts to charac-
terize intraspecific colour polymorphism in skunks
using quantitative rather than qualitative approaches
and introduces a novel approach that may prove
applicable and adaptable to other studies of colour vari-
ation in various animal species, including other small
carnivores with similar bicoloured pelage patterns.

Methods

Morphological Data

Digital photographs were taken of the dorsum and
venter of preserved museum study skins at a native
resolution of 3264Xx2448 pixels using a Canon
PowerShot SX100IS digital camera mounted on a copy
stand. Specimens were photographed from a distance
of 75cm (copy stand centroid to the tip of the camera
lens) to minimize impacts of distortion. Specimens
were placed flat on the copy stand on clean white
paper and photographed once in both dorsal and ven-
tral views, including a specimen identifier and scale
bar in each photograph. Specimens were from the fol-
lowing collections: Academy of Natural Sciences of
Philadelphia (ANSP), American Museum of Natural
History (AMNH), Angelo State Natural History
Collection (ASNHC), British Natural History Museum
(BNHM), Carnegie Museum (CM), CIIDIR-IPN
Unidad Durango (CRD), Denver Museum of Nature

and Science (DMNS), US National Museum of Natural
History (NMNH), University of Colorado Museum
(UCM), and Texas Tech University Museum (TTU).
Geographic coordinates for specimens were obtained
by converting textual locality information into latitude
and longitude, following the best practices for georef-
erencing (Chapman & Wieczorek, 2006).

Digital photographs were imported into tpsDIG2
using tpsUtil (http://www.sbmorphometrics.org/) to
trace digitally the perimeter of the dorsal stripes from
its anterior origin to its termination at the base of the
tail. The perimeter of the white portion of the tail was
also digitized in this manner. Three landmarks were
used to estimate body length and tail length for each
specimen: the anterior-most tip of the nose, the base of
the tail, and the terminal tip of the tail fur (Figure 6.2,
red dots). Although body length measures could be
influenced by the subjective placement of landmarks,
we were interested in a relative metric of body length
to determine whether estimates of dorsal whiteness
were influenced by specimen preparation and not a
true estimate of body size. Placement of the base of the
tail landmark was the most subjective although best
efforts were made using the ventral photographs in
addition to the position of the hind feet and the maxi-
mum tapering point anterior to the tail to locate the
true end of the body and beginning of the tail.

Rather than attempting to use a sliding semi-
landmark approach (Green, 1996; Bookstein, 1997) to
estimate the geometry of the dorsal stripe, a flexible
set of closely spaced points for each specimen was
used to approximate as faithfully as possible the true
geometries of the forms and shapes present in our
sample (MacLeod, 1999). Although this method pre-
vented the use of geometric morphometric analyses, it
allowed more accurate assessments of dorsal white
areas. Ultimately, this method resulted in a two-
dimensional image of what is inherently a three-
dimensional pattern, a fact that could influence our
results by limiting our ability to truly represent the
shape and distribution of black and white colour
patches, both of which have been shown to influence
the efficacy of warning signals in striped skunks,
Mephitis mephitis (Hunter, 2009).

Each specimen was digitized three times in a non-
sequential order to provide replication and error
estimates for each digitized polygon. Processing of
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Figure 6.2
polygon of whiteness for the dorsal body and tail of North American hog-nosed skunk, Conepatus leuconotus sensu lato. (b, d)
Digital outline used to estimate the amount of dorsal body areas containing white pelage, with respective raw whiteness

ratios (WR) and whiteness index (WI) values.

the resulting files and estimation of the white area
were performed using the R statistical software envi-
ronment (http://www.r-project.org/). Using the scale
bar in each picture, distances in pixels were converted
to millimetres to estimate body length (as estimated
from the first and second landmarks across replicates)
and the area of the white dorsal stripe for each repli-
cate. Body length was used as a standard rather than
body area because outlines of flattened preserved
specimens were often irregular, depending on how the
specimens were prepared. The square root of the white
polygon area divided by the body length was used to
create a mean, unitless ‘whiteness index’ (WI), which
was used as the response variable in all subsequent
analyses. Although whiteness along the dorsum was
the only colour directly measured using our technique,
a decrease in white coverage should be accompanied
by a relative increase in black along the dorsum.

Methods

Mean Body Area/Body Length Whiteness Ratio =83.66
Whiteness Index Value =0.44
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(a, c) Depiction of digitization process with landmarks (red dots) and points (yellow dots) used to digitize a

However, direct interpretations of the extent of black
could be more systematically misleading than that of
the white as the black colour appears more susceptible
to distortion due to preparation style (i.e. flat tanned
skins or overstuffed animals) and was therefore not
directly quantified in this investigation.

Environmental Data

A series of variables derived from remotely sensed sat-
ellite and weather-station sources was obtained to
examine potential relationships between dorsal colour
pattern and environmental conditions. Specifically, we
identified variables related to our alternative hypothe-
ses of crypsis and physiological processes (see Table 6.1
for detailed descriptions of environmental variables).
For example, metrics of temperature can be tied to
physiological processes such as basal metabolic rate

111

85U0|7 SUOWIWOD 8A 281D 3|l (dde auy Aq pauseno aJe Sajoie VO ‘8sn Jo e 10} Akeid 8UlUQO AS[IAA UO (SUORIPUCO-pUe-SWLBI/LIY" AB 1M ARl 1 [pUl|UO//SANY) SUOTIPUOD pue swie | 8y 89S *[£202/2T/.z] uo Ariqiauljuo As|im ‘AisieAlun axeis opelojoD Aq /iop/woo A Akeiqijeujuoy/sdny woly pepeojumod



112

Addressing Colour Variation in the Context of Local Environmental Conditions for the Aposematic North American Hog-nosed Skunk

Table 6.1 List of environmental variables, their definitions, and their inclusion in the final models.

Variable abbreviation

Variable name/description

Generalized
dissimilarity model

Random
forest model

Data Source: WorldClim - Global Climate Data (http://www.worldclim.org/)

biol Annual mean temperature *
bio2 Mean diurnal range (mean of monthly [max. temp - min. ok
temp])
bio3 Isothermality (bio2/bio7)(x100) NC
bio4 Temperature seasonality (standard deviation x 100) 8
bio5 Max. temperature of warmest month NC
bio6 Min. temperature of coldest month NC
bio7 Temperature annual range (bio5 - bio6) *
bio8 Mean temperature of wettest quarter NC
bio9 Mean temperature of driest quarter NC
biol0 Mean temperature of warmest quarter NC
bioll Mean temperature of coldest quarter *
bio12 Annual precipitation NC
biol3 Precipitation of wettest month NC
biol4 Precipitation of driest month NC
biol5 Precipitation seasonality (coefficient of variation) NC
biol6 Precipitation of wettest quarter NC
biol7 Precipitation of driest quarter NC
biol8 Precipitation of warmest quarter NC
biol9 Precipitation of coldest quarter NC
Data Source: NASA Moderate Resolution Imaging Spectroradiometer (MODIS) (http://modis.gsfc.nasa.gov)
GM*_NDVI Normalized Difference Vegetation Index (vegetation NC
greenness and biomass)
GM*_LAI Leaf Area Index (plant canopy density) o
VCF* Vegetation Continuous Field (percentage of tree cover) NC

Data Source: NASA Quick Scatterometer (http://winds.jpl.nasa.gov/missions/quikscat/)

QSCAT

Quick Scatterometer (surface moisture and roughness)

*

Data Source: USGS National Geospatial-Intelligence Agency (http://topotools.cr.usgs.gov/gmted_viewer)

Gmted_elev

Global Multi-resolution Terrain Elevation Data (elevation)

NC

*k

NS

NC
NC
NC

ok

Kk

NC
NC
NC
sk

NC
NC
NC
NC
NC
NC
NC
NC

NC

NC
NC

NC

NC

* GM = Grand Mean of yearly averages for 2005-2009 based upon monthly average values for February, April, June, and September.
* Grand Mean of yearly average for the years 2005-2009.
NC = Non-contributing variable to final model (GDM-coefficients < 0.001; RF-increase in nodal purity <0.03).
** Contributing variable (GDM-coefficients > 0.10; RF-increase in nodal purity >0.029 AND percent increase in mean square

error > 8%).

* Contributing variable (GDM-coefficients > 0.003).
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(MacMillen & Garland, 1989). In addition, measures of
precipitation could also be related to thermoregulatory
behaviours or basal metabolic rates in mammals
(Lovegrove, 2000). Temperature and precipitation
could also affect floristic communities and vegetation
structure, two elements critical for background match-
ing associated with cryptic colouration. For example,
and in accordance with Gloger’s rule, many melanic
forms of terrestrial mammals are often found in higher
concentrations in regions with high rainfall and dense
forest cover (see examples in Searle, 1968). Given the
potential roles of temperature and precipitation in
shaping colouration patterns, especially those related
to the presence of darker colours, we used all 19 biocli-
matic (bio)variables from the WorldClim database
(Hijmans et al., 2005) as predictor variables in our
models (Table 6.1). These bioclimatic variables are
derived from 50 years of on-the-ground climate meas-
urements of temperature (bio 1-11) and precipitation
(bio 12-19), and provide spatially explicit estimates of
annual means, seasonal extremes, and degrees of sea-
sonality thought to reflect biologically meaningful vari-
ables in delimiting a species’ range (Nix, 1986).
However, other variables might more accurately
reflect biologically meaningful relationships between
colour patterns and vegetation structure for skunks,
including more direct metrics of canopy cover. Canopy
cover is related to light penetration and shadow forma-
tion, two conditions thought to be particularly impor-
tant to concealing black and white colouration in
terrestrial mammals (Caro, 2009). We used a series of
satellite-derived estimates of canopy cover (e.g. Leaf
Area Index - LAT; Vegetation Continuous Field - VCF)
and vegetation density (e.g. Normalized Difference
Vegetation Index) as surrogates for light intensity and
shadow formation across the species range. In addi-
tion, we used two measures of topography. One was
generated from digital elevation models (Global Multi-
resolution Terrain Elevation Data: Gmted_elev),
which simply reflects topographical changes across
the landscape. The other, collected from scatterometer
sensors (Quick Scatterometer — QSCAT), is a measure
of surface roughness and moisture. Soil moisture con-
tent is strongly tied to cryptic patterns in small mam-
mals (Dice, 1940; Vignieri et al., 2010) and thus could
be an important predictor of colour variation for
ground-dwelling vertebrates such as the North

Methods

American hog-nosed skunk. Elevation is a surrogate
for topographic relief and the three-dimensionality of
the local environments, structural elements that could
affect detectability and concealment of skunks from
potential predators. Detailed descriptions of these lay-
ers and how they were obtained and processed can be
found in Table 6.1 and Appendix 6.A.

Spatial Interpolation

The spatial interpolation technique known as kriging
was used to visualize patterns of variation in WI
[(Vmean of white polygon area)/(body length)] across
geography. Kriging is a multistep process involving
exploratory statistical analysis of raw data, variogram
modelling, surface interpolation, and exploration of a
variance surface (Oliver & Webster, 1990). The end
result is a continuous interpolated geometric surface
summarizing the attribute of interest based on values
recorded at a series of point localities. Exploratory
analysis of the raw data is critical for choosing the krig-
ing method as well as parameters of the model gener-
ated from the semivariogram (Isaaks & Srivastava, 1989).
The Geostatistical Analyst extension of ArcGIS 10.1
(ESRI, Redlands, CA) was used for both exploratory
and interpolative analyses. Specifically, WI values were
plotted using the Semivariogram/Covariance Cloud
tool, a tool that allows one to test for spatial autocorre-
lation among a variable of interest. The resulting pair-
wise comparisons of spatial and WI distances between
all pairs of specimens were used to guide model selec-
tion during the kriging analysis. A simple kriging
surface was generated using the Geostatistical Wizard
with model optimization performed via cross-
validation in conjunction with an estimation of the
range parameter. In addition to a predicted interpola-
tive surface, the Geostatistical Wizard tool was also
used to generate a Prediction Standard Error surface.
This surface is produced from the standard errors of
interpolated values, quantified from the minimized
root-mean-squared prediction error associated with
the kriging algorithm. All analyses were carried out
using all coincidental samples (i.e. having more than
two individuals from a single locality).

In addition to kriging the WI, a spatial autocorrela-
tion analysis was used to depict locations with signifi-
cantly similar values. Moran Local Indicators of Spatial
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Association (LISA significance maps; Anselin, 1995)
were generated using Anselin Local Moran’s I values
and z-scores estimated with Spatial Analyst’s Cluster
and Outlier Analysis tool in ArcGIS 10.1. Based on the
resulting scores, this tool identifies spatial clusters of
features of high or low values while simultaneously
identifying spatial outliers. A high positive z-score at
an alpha level<0.05 for a feature indicates that sur-
rounding features have significantly similar values
(either high values or low values). A low negative z-
score for a feature indicates a statistically significant
(p £0.05 level) spatial outlier.

Generalized Dissimilarity Modelling

To examine relationships between environmental
predictor variables and dorsal-pattern variation, we
used Generalized Dissimilarity Modelling (GDM;
Ferrier, 2002; Ferrier et al., 2004, 2007). GDM was orig-
inally developed for analyzing and predicting spatial
patterns of community turnover of beta diversity
across large areas (Rosauer et al., 2014), but research-
ers have successfully adapted this technique to map
and predict spatial patterns of morphological and
genetic variation in the context of environmental dis-
similarity among sampling localities and other similar
challenges (Thomassen et al., 2010, 2011; Rosauer
et al., 2014 and references therein). One major benefit
of GDM lies in its ability to account for nonlinearities
typically associated with large-scale ecological data
sets (Ferrier et al., 2007). GDM estimates relationships
between the dissimilarity of a particular response vari-
able (based on any dissimilarity metric valued between
0 and 1) among sites and the dissimilarity of environ-
mental characteristics among those same sites. GDM
analysis was based on pairwise comparisons of each
specimen’s WI values and the conditions extracted
from the 24 environmental variables.

Absolute differences in WI values between indi-
viduals were rescaled by dividing each value by the
maximum WI value from the series, rescaling the
variable from the maximum value to 1. The rescaled
difference values in WI between pairs of individuals
were then used as the response variable. As no formal
method for testing the significance of a GDM model
is available, our models were evaluated for signifi-
cance by permuting the relationship between

differences in WI and environmental variables: the
response variable was permuted randomly among
the 262 individuals, while holding environmental
conditions constant. Next, the permuted dataset was
used to estimate the amount of deviance explained
by this random model using GDM. This process was
repeated 1000 times to create a null distribution of
deviance-explained values against which to compare
the observed deviance-explained value. Three models
were tested using GDM: a geographic distance-only
model, an environmental conditions-only model,
and a full model including both geographic distance
and environmental conditions. Geographic distance
was estimated using straight-line distances between
locality coordinates; although these distances may
not be as biologically meaningful, they have been
shown to perform as well as more realistic estimates
of distance (e.g. least-cost paths; Thomassen
et al., 2010). All GDM analyses were carried out
using a dedicated package (see most recent version
at https://cran.r-project.org/web/packages/gdm/gdm.
pdf) in the R statistical software environment
following Ferrier et al. (2007).

Random Forest Models

Random forest (RF) is a decision-tree technique
(De’ath & Fabricius, 2000) that generates a bifurcating
tree model based on nodal decisions in which predic-
tor variables maximize homogeneity between two
partitions of the response variable (Breiman, 2001a,b;
Thomassen et al., 2010). This homogeneity is typically
measured by the Gini index (Breiman et al., 1984),
and the bifurcation process continues until further
partitioning no longer reduces the index value.
Model and predictor variable importance is often
assessed using a bootstrap technique known as ‘bag-
ging’ (Breiman, 1996), wherein data are subsampled
randomly to create test and training samples for
model validation. This whole process is repeated
many times, resulting in a final prediction that repre-
sents an average of the ensemble tree space (Breiman
et al., 1984). The abilities of RF models to allow for
nonlinear relationships of predictor variables, and to
predict with high accuracy and power, make them
well-suited for modelling patterns of variation associ-
ated with environmental conditions (Thomassen
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et al., 2010). The R package ModelMap (Freeman &
Frescino 2009) was used to generate an RF-based
predictive model of WI variation across the range of
C. leuconotus and to identify important explanatory
variables for variation in WI.

Results

Dorsal-Pattern Variation

A total of 262 (142 males, 90 females, 30 unknown)
individual museum skins were photographed and
digitized for analysis of dorsal-pattern variation
(Figure 6.3a, grey crosses). Years of collection for the
specimens ranged from 1885 to 2012, with an average
of 1937 and a median of 1915. Plots of replicate values
of raw dorsal whiteness ratios versus mean body
length indicated that replicate estimates of WIs were
relatively precise and that neither specimen prepara-
tion (as reflected by the total length of the specimen)
nor collection were significantly related to WI esti-
mates (figure not shown). That is to say, WI values
were not significantly influenced by the digitization
process, specimen preparation, or the source/collec-
tion where the specimen originated. Average WI did
not differ significantly between males and females
(t = —0.70, df = 230, p =0.48; Appendices 6.B and
6.C) although they did differ in mean body length
(t = —=2.50, df = 220, p =0.01; Appendices 6.B and
6.C), with males significantly longer than females
(Appendices 6.B and 6.C).

Spatial Interpolation - Kriging

Exploratory analyses of the raw data indicated that
spatial autocorrelation was present, implying that W1
values are more similar between adjacent individuals.
The WI were normally distributed although slightly
skewed right, with a mean of 0.399 and a standard
deviation of 0.052, so no transformation was per-
formed prior to kriging, and a mean of 0.399 was
assumed during subsequent analyses. Exploratory
trend analysis also indicated the presence of spatial
relationships between WI across the YZ (latitude and
WI values) and ZX (longitude and WI values) planes,
implying decreasing WI values for specimens located
at lower latitudes and longitudes. Based on

Results

comparisons with the empirical variogram, a hole-
effect model was selected as the best model for the pre-
dicted semivariogram for both the simple kriging and
standard error surfaces. Surfaces generated with other
models yielded qualitatively similar patterns (figures
not shown). Optimal parameter values based on the
exploratory analysis and other model details can be
found in Appendix 6.D. Kriging results indicated that
variation in the amount of whiteness on the dorsum of
C. leuconotus is not distributed randomly across the
species’ geographic range (Figure 6.3a,b). High W1 val-
ues were concentrated in the north-western portion of
their range (Arizona, Colorado, New Mexico of the
United States of America, and northern Mexico; see
Figure 6.1a for range demarcation and Figure 6.3a for
distribution of WI values), whereas low values were
restricted to the Gulf Coast portion of their range
(southern Texas, Tamaulipas and Veracruz, Mexico)
and Central America (Figure 6.3a). Predicted standard
errors were lowest in areas with more specimen
records, and highest in areas with few to no specimens
(e.g. north-central Mexico; Figure 6.3b).

Spatial Interpolation Cluster Analysis

Cluster analysis yielded similar results to that of krig-
ing (Figure 6.4). Significant clusters of statistically sim-
ilar high WI values were identified in Arizona, New
Mexico, west-central Texas, and northern Mexico.
Significant clusters of similar low WI values were iden-
tified in southern Texas and north-eastern Mexico, the
Transvolcanic Mexican belt, Mexico’s central Pacific
coast, and in the Central American countries of
Honduras and Nicaragua (Figure 6.4). Several statisti-
cally significant low-value outliers (in central Texas;
Figure 6.4, red dot) were found among high-value indi-
viduals in western Texas (Figure 6.4, green dots). Three
significantly high-value outliers (Figure 6.4, yellow
dots) were recorded close to low-value clusters, one
from southern Texas and the other from Mexico’s cen-
tral Pacific coast. A proportion of individuals remained
unassigned to either a high or low cluster (Figure 6.4,
grey dots), most notably across central Mexico, coastal
Oaxaca, and in southern Colorado and Oklahoma.
Patterns depicted by the spatial clustering analysis and
paralleled by the kriging models indicate that skunks
with larger proportions of white along the dorsum are
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Figure 6.3 (a) Simple kriging surface and (b) associated Prediction Standard Error surface based on 262 specimens of
Conepatus leuconotus (grey crosses) using a hole-effect semivariogram model generated in ArcGIS 10.1 Geostatistical
Analyst. Warmer colours indicate higher whiteness indices (WI) (a) and predicted standard errors (b).
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Figure 6.4 LISA significance map (Anselin, 1995) generated using Anselin Local Moran’s / values and z-scores estimated
with Spatial Analyst’s Cluster and Outlier Analysis tool in ArcGIS 10.1. Grey points indicate individual specimens that could
not be significantly assigned to either a high or low cluster based on their relation to spatially proximal individuals.

restricted to northern latitudes and drier conditions
across Arizona, New Mexico, and Texas. In contrast,
individuals with reduced white dorsal stripe coverage
are restricted to tropical and semi-tropical environ-
ments, from southern Texas to Central America.

Generalized Dissimilarity Modelling

GDM models for environmental variables only, geo-
graphic distance only, and environmental plus geo-
graphic distance all accounted for significant amounts
of variation compared to their respective random mod-
els (Table 6.2). The environmental-only model
accounted for 14.2% of the variation in WI values and
identified 7 of 24 environmental predictors as
significantly contributing to the model: biol, bio2,

bio4, bio7, bioll, QSCAT, and the grand mean of LAI
(Figure 6.5; Table 6.2). Of these seven variables, bio2
and GM_LAI had the highest coefficients and largest
response curves, indicating their greater contribution
to building the model (Figure 6.5¢,d). The variable that
contributed most to the model, bio2, represents the
mean diurnal temperature range [mean of monthly
(max temp — min temp)], indicating that regions with
greater differences in minimum and maximum tem-
perature values, or seasonality, support skunks with
greater differences in WI values. GM_LAI, the grand
mean Leaf Area Index over 2005-2009, reflects canopy
density as well as seasonality (i.e. leaf loss) and appears
to contribute the second most amount of information
regarding relationships between differences in WI val-
ues and environmental conditions. This relationship
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Table 6.2 Deviance explained (variation in the response variable) for the three models generated using Generalized
Dissimilarity Modeling (GDM) with contributing model variables.

‘True’ deviance

‘Randomized’

Significantly contributing variables

Model explained deviance explained” (coefficients)
Geographic distance + environmental 14.27 0.038+0.018 biol (0.06), bio2 (0.18; 0.03), bio4
variables (0.004-0.113) (0.007), bio7 (0.004), bio11 (0.06),
QSCAT (0.06), GM_LAI (0.12)
Environmental variables only 14.27 0.03+0.018 biol (0.06), bio2 (0.18; 0.03), bio4
(0.000-0.108) (0.007), bio7 (0.004), biol1l (0.06),
QSCAT (0.06), GM_LAI (0.12)
Geographic distances only 3.56 0.003+0.005 Geographic distance (0.16; 0.09)
(0.000-0.044)

*Randomized deviance explained = mean of 1000 permuted datasets + standard deviation (range of values).
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Figure 6.5 (a) Generalized dissimilarity models of the overall fitted model and (b) the overall fitted model after applying

the link function for environmental variables only. (c) The two predictors, bio2 (mean diurnal temperature range) and (d)
grand mean of Leaf Area Index (GM_LAI) with the highest coefficients and response curves out of the seven variables used

to build the model are also presented.

implies that differences in skunk WI values are related
to differences in canopy cover, or that greater differ-
ences in W1 values exist between sites with greater dif-
ferences in LAI values. The geographic distance-only
model accounted for a significant amount of variation

in WI values with a deviance-explained value of 3.56
(Table 6.2). When included as the sole predictor, geo-
graphic distance appeared to account for less variation
than environmental variables alone did (Table 6.2).
Combining the environmental and geographic distance
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Figure 6.6 Random forest predictive maps of (a) mean and (b) coefficient of variation of whiteness index (WI) values for
262 individual Conepatus leuconotus based on 24 environmental predictors using ModelMap package in R. Warmer colours
indicate higher WI values. Black crosses represent specimens used to build and train the model; black dots represent

specimens used as test points to validate the model.

predictors into a single model changed neither the
deviance explained nor the predictor variables selected
as significant contributors to the model (Table 6.2).

Random Forest Models

The RF predictive models yielded results similar to
both the kriging and cluster analyses, predicting
higher WI values in the north-western portion of the
range of C. leuconotus and lower values along the Gulf
Coast (Figure 6.6a). In contrast, the coefficient of vari-
ation of the RF predictive models was highest along
the Gulf Coast and lowest in the north-western and
central portions of the range (Figure 6.6b). Comparing
predictor variables between GDM and RF models
revealed differences between which variables contrib-
uted most to the model. For GDM, bio2 and GM_LAI
contributed the most, whereas, for RF, based on the
percent increase in mean squared error and nodal
purity, bio2 and GM_LAI appeared to contribute little
to the model (Figure 6.7), and bioll was most impor-
tant, followed by biol, bio6, bio7, and bio4 (Figure 6.7).
Estimates of variable importance between percent
increase in mean square error (MSE) and increase in
nodal purity did not yield equivalent results, except for

bioll (mean temperature of the coldest quarter),
which was identified as the most important variable
under both metrics. Out-of-bag error for the RF lev-
elled off at an MSE of 0.0016 after the generation of
200 trees (figure not shown). Predicted and observed
values appeared to be highly correlated (Pearson’s
product-moment correlation test: » =0.74, df = 50, p =
0.0001; Figure 6.7b) although predicted values tended
to over-predict at low values of WI and under-predict
at high WI values (Figure 6.7b).

Discussion

Colour patterns and arrangements play a major role in
carnivore natural history (Ewer, 1973). From signal-
ling to camouflage, carnivores rely on the arrange-
ment and patterns of their pelage colour to survive
(Ortolani, 1999). Although the importance of colour to
carnivores is well documented, a majority of research
to date has focused on explaining broad-scale patterns
across species or within particular taxonomic groups
(Ortolani, 1999; Stankowich et al., 2011, 2014; cf. da
Silva et al., 2016). Few studies have investigated the
degree of variation within a species; the few that have,
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Figure 6.7 (a) Variable importance graph and (b) predicted versus observed plot for random forest models of WI based on 262 individual Conepatus
leuconotus and 24 environmental predictors (see Table 6.1 for predictor definitions).
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have relied on qualitative categorizations to partition
variation of what most likely represents a continuous
variable (Van Gelder, 1959; Dragoo et al., 2003;
Schiaffini et al., 2013; da Silva et al., 2016). Here we
used a quantitative approach to describe dorsal stripe
pattern variation in the North American hog-nosed
skunk to shed light on evolutionary pressures faced by
a small, aposematic carnivore distributed over a broad
environmental landscape. Our study presents one of
the first investigations into intraspecific colour pat-
terns within a small carnivore using quantitative
measures and modelling techniques to both map and
identify environmental correlates with spatial patterns
of morphological variation.

Spatially explicit interpolation and modelling tech-
niques indicate that variation in the size and extent of
the white dorsal stripe (and, consequently, the
coverage of black fur along the dorsum) of C. leucono-
tus is non-randomly distributed across the landscape
(Figures 6.3-6.6). The extent of dorsal whiteness
appears to peak in the north-western portion of the
species range, with reduced whiteness along the Gulf
Coast and Central America. In contrast to patterns
associated with white fur along the dorsum, the
amount of black fur could be considered greater in
more tropical, closed environments of coastal Mexico
and Central America and reduced in more arid, open
habitats of the desert of southwest and west-central
Texas, a pattern in accordance with Gloger’s rule (i.e.
darker-coloured birds and mammals are typically
found in more humid, tropical regions). Adherence to
Gloger’s rule was similarly hypothesized to support
patterns seen in another small carnivore, the jagua-
rundi, Herpailurus [= Puma] yagouaroundi, where
grey/dark individuals were found to be significantly
associated with moist and dense forests when com-
pared to lighter, reddish forms (da Silva et al., 2016).

GDM and RF analysis were able to identify impor-
tant explanatory variables for this variation, although
the two techniques converged upon different predic-
tors. They differed in their most important variables,
with GDM supporting grand mean of Leaf Area Index
(GM_LAI) and mean diurnal temperature range (bio2)
and RF mean temperature of the coldest quarter
(bioll) and minimum temperature of the coldest
month (bio6), respectively. These differences do not
reflect limitations in predicting whiteness intensity

Discussion

based on these predictors, but are more reflective of
the different approaches of the models to interpreting
variation in response variables. GDM attempts to iden-
tify which predictor variables account for the differ-
ence or dissimilarity between individuals’ WI by
comparing those differences to differences found in
the environmental conditions associated with the
individuals being compared. In our case, individual
C. leuconotus differed most in their WI between sites
that have maximal differences in canopy cover and
seasonality, as estimated by satellite-derived measures
of LAI and mean annual temperature differences
(Figure 6.5). Although only 14.3% of the variation in
WI was accounted for by this model, this value was
highly significant when compared to randomly per-
muted samples that broke the association between the
differences in WI and predictor values (Table 6.2).
This amount of explained variation parallels results
from other studies examining colour variation in terres-
trial mammals. Lai et al. (2008), examining dorsal col-
our variation in wild populations of the house mouse,
Mus musculus, found that 21.6% of the variation in dor-
sal colour patterns was associated with rainfall.
Similarly, Kamilar & Bradley (2011) found that mean
evapotranspiration (a measure of the amount of atmos-
pheric water resulting from both evaporation and tran-
spiration) accounted for only 13.7 and 25.2% of the
variation in pelage brightness for the dorsal and ventral
pelage surfaces of over 200 individuals representing 100
primate species. However, Thomassen et al. (2010),
using GDM models for a rainforest bird, found that sev-
eral metrics of environmental conditions, including
some used in our own analysis (e.g. QSCAT, LAI)
explained upward of 95% of the variation seen in genetic
make-up and morphological characteristics among
individuals. In addition, Thomassen et al. (2011), using
similar variables to ours, found that GDMs varied in
their performance across both species and traits for
seven species of tropical vertebrates, with only 36 of
60 models performing better than random. Although
no characters related to colouration were included in
their models, the three mammal species (all bats of the
genus Carollia) examined, consistently displayed the
lowest percentage of variation explained, with some sig-
nificant models accounting for only 12-16% of the total
variation (Thomassen et al., 2011). Thus, although our
results are consistent with analogous studies on
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mammal colouration, these values do not reflect those
found for multiple characteristics from seven species of
tropical vertebrates using the same technique, indicat-
ing that other potential and unmeasured factors, e.g.
microhabitat characteristics, predator communities,
could help explain the amount of variation seen in dor-
sal stripe patterns of C. leuconotus.

Unlike correlative GDM, RF models attempt to iden-
tify those variables that best predict actual values of
the response variable by looking for the amount of
variation accounted for by each predictor variable
used in the model. In our case, RF models indicated
that WI is best predicted using bioclimatic variables
alone (plus QSCAT backscatter measurements), with
only minimal contributions from Leaf Area Index
(GM_LAI). RF models identified only temperature-
related variables as important. Considering GDM and
RF results together, it appears that variation in the
white dorsal stripe of C. leuconotus is affected by con-
ditions related to both canopy cover and minimum
temperatures, with reductions in whiteness occurring
in regions with increased canopy cover and less sea-
sonal climates compared to increased dorsal

(a) (b) (€)

whiteness which can be found in areas with less
annual canopy cover and experiencing cooler temper-
atures at least during parts of the year.

These results imply that some form of interaction
between dorsal whiteness patterns and environmental
conditions is occurring among populations of C. leu-
conotus. Of interest is the fact that the RF model pre-
dicts lower whiteness indices from southern Veracruz
through the Yucatan Peninsula, a geographic area
devoid of C. leuconotus but occupied by its sister spe-
cies, the Amazonian hog-nosed skunk, C. semistriatus,
which shows similar patterns of reduction in white
along the posterior portion of its dorsum (Figure 6.8b).
Unlike what is observed in C. leuconotus, dorsal stripe
patterns appear to be relatively conserved in C. semis-
triatus (A. W. Ferguson, personal observation), espe-
cially when compared to other hypervariable species
such as Molina’s hog-nosed skunk, C. chinga (Van
Gelder & Kipp, 1968; Schiaffini et al., 2013). The dorsal
stripe of C. semistriatus begins near the top of the head,
bifurcates along the dorsum, and terminates prior to
reaching the base of the tail, leaving a black posterior
region very similar to individuals of C. leuconotus from

C. leuconotus C. semistriatus

D

C. chinga
-_—

Mydaus

javanensis

—T

Figure 6.8 Additional mephitids displaying posterior terminating white dorsal stripes: (a) Conepatus leuconotus from S
Texas; (b) Amazonian hog-nosed skunk, C. semistriatus from Veracruz, Mexico; (c) Molina’s hog-nosed skunk, C. chinga from
Peru; and (d) Sunda stink badger, Mydaus javanensis from Borneo compared to (e) a solid white dorsum of C. leuconotus from

Arizona.
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the Gulf Coast (Figure 6.8a,b). Other ‘tropical forest’
species found within the family Mephitidae also seem
to maintain a larger portion of white on the anterior
versus the posterior portion of their dorsum
(Figure 6.8a-d). Taken together with our results for C.
leuconotus, it appears that reduction of the intensity of
white along the posterior of the dorsum and relative
increases in black colouration are more common in
tropical environments typically characterized by greater
canopy cover and more constant temperature regimes.
The fact that variation in dorsal stripe colouration in
C. leuconotus conforms to Gloger’s rule provides a
unique opportunity to explore our competing hypoth-
eses of aposematism, crypsis, and physiology. This
opportunity stems from the many hypotheses that have
been put forward to explain Gloger’s rule (Kamilar &
Bradley, 2011). Some of the most relevant hypotheses
to our system include thermoregulation (Caro, 2005a;
Margalida et al., 2008), increased absorption of exces-
sive UV radiation (Caro, 2005a), enhanced water evap-
oration (Gloger, 1833; Caro, 2005a), and increased
background matching for species living in relatively
light or dark habitats (Kamilar & Bradley, 2011;
Singaravelan et al., 2013). Although other hypotheses,
including increased resistance to higher amounts and
diversity of microbes in humid regions have been pro-
posed for Gloger’s rule, these focus mostly on avian sys-
tems and have been less explored in mammalian taxa
(Burtt & Ichida, 2004). Considering the balance of
whiteness and blackness in the dorsal stripe of C. leu-
conotus in the context of both Gloger’s rule and the spe-
cies’ natural history, support is garnered for a balance
between aposematic signalling and crypsis via back-
ground matching as the most plausible hypotheses.
More precisely, the nearly strictly nocturnal habits of
C. leuconotus (Dragoo & Sheffield, 2009) indicate that
both thermoregulation and reduced exposure to UV
radiation seem less feasible as explanatory mechanisms
for the observed patterns. Although being nocturnal
does not make skunks immune to temperature regimes
of their local environment, most species utilize behav-
ioural mechanisms (e.g. switching den sites to match
changing climatic conditions; W. Brashear et al., unpub-
lished data) to deal with temperature extremes. In addi-
tion, most of the temperature variables selected as
important to the models of variation were indicators of
minimum temperatures, indicating that the enhanced

Discussion

cooling experienced by blacker furs in response to
warmer and more humid conditions would offer little in
terms of explaining the decrease in white and increase
in black fur observed for C. leuconotus living under these
conditions. In addition, no variables related to precipita-
tion were selected for inclusion in the final models, indi-
cating that variables associated with moisture and
potentially increased evaporative cooling contribute lit-
tle toward an explanation of the observed patterns.
Finally, their nocturnal nature exposes skunks to little or
no UV radiation, limiting the need for increased mela-
nin in response to UV-damaging radiation.

Why then do landscape metrics of minimum tem-
perature and canopy cover appear to correlate with
variation in the amount of white and black along the
back of C. leuconotus? Perhaps the most logical conclu-
sion involves one of the major drivers of natural selec-
tion: predation. Although skunks are often thought of
as immune to predation due to their well-established
defence mechanisms, skunks are preyed upon by a
wide array of predators including both aerial and ter-
restrial species (Dragoo, 2009). Given the fact that
white appears highly conspicuous under dark condi-
tions (Searle, 1968), it would seem that whiter individ-
uals would be more obvious to predators. This would
be especially true in habitats characterized by greater
canopy cover associated with increased vegetation den-
sity and less light penetration, where darker conditions
would enhance the signalling efficacy of a white ani-
mal, making it more obvious to predators. Similarly, in
more seasonal habitats characterized by more severe
temperature changes and reduced vegetation density
at some time of the year, greater light penetration could
lead to increasing reflectance from a white surface,
again making an individual more conspicuous.

Thus, perhaps there is some advantage conferred
upon being inconspicuous in more tropical environ-
ments compared to conspicuous in more arid environ-
ments, an advantage related to the risk of predation.
Being bold and conspicuous may work well in exposed
environments characterized by open-pursuit, visual
predators such as great-horned owls, Bubo virginianus,
and coyotes, Canis latrans, whereas remaining con-
cealed but without loss of warning abilities (i.e. reduc-
tion in whiteness but not a complete loss of white fur)
in closed environments characterized by ambush
predators (e.g. Neotropical felids) could increase
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survival through far-field crypsis but coupled with
near-field aposematism. For C. leuconotus found
across the desert southwest, being big and bold may
deter predation attempts by size-limited (great-horned
owls) or visual (coyotes) predators, whereas for C. leu-
conotus found in the thick Tamaulipan thornscrub,
remaining hidden among the shadows of a dense can-
opy could conceal a skunk’s presence to ambush pred-
ators such as jaguars, Panthera onca.

Although distinguishing causation from correlation
is impossible using our approach, our results are con-
sistent with recent findings describing the potential for
the evolution of ‘intermediate aposematism’ in animal
species (Tullberg et al., 2005; Ruxton et al., 2009).
Although long considered an evolutionary option,
especially regarding effects of observation distance on
signal efficacy (Endler, 1978), aposematism has tradi-
tionally been classified as one of two mutually exclu-
sive anti-predator strategies: conspicuousness or
crypsis (Tullberg et al., 2005; Caro et al., 2013). Recent
work, however, has provided theoretical (Endler &
Mappes, 2004; Mappes et al., 2005; Ruxton et al., 2009)
and empirical (Tullberg et al., 2005) examples of how
fitness trade-offs between conspicuousness and crypsis
could lead to the evolution of aposematism with differ-
ing degrees of crypsis. Working hypotheses as to how
an intermediate investment in conspicuousness might
evolve include aposematism in an environment where
some predators are responsive to the signal and
others are not (Endler & Mappes, 2004); a distance-
dependence function whereby animals appear cryptic
from a distance yet aposematic up close (Tullberg
et al., 2005; Caro et al., 2013); and a balance between
costs of conspicuousness that result in increased preda-
tor encounters and benefits of enhanced learned aver-
sion of predators to that signal (Ruxton et al., 2009).

Recently, a distance-dependent function was pro-
posed for the western spotted skunk, Spilogale gracilis,
which suggested that, from a far distance and under
different habitat characteristics, S. gracilis appears
cryptic to visual predators having similar search
images as humans (Caro et al., 2013). This and other
studies highlight the potential importance of micro-
habitat characteristics and behaviour in concealing or
enhancing aposematic signals (Ruxton et al., 2009;
Caro et al., 2013). Given the association between local
environmental conditions and whiteness indices in

C. leuconotus, it is plausible that some sort of interme-
diate aposematism may be occurring. Perhaps indi-
viduals in more canopy-dense and less seasonal
environments experience reduced rates of predation
through reduction of whiteness along the dorsum,
making them less conspicuous than individuals
with a solid white back or high whiteness intensity.
Alternatively, the concentration of white patches on
the periphery of the animal’s body (i.e. anterior-mid-
dorsal stripes and posterior tail patches) as is seen in
other tropical mephitids (Figure 6.8), could also help
reduce predation risk through ‘disruptive colouration’
(Stevens et al., 2006). Of course, other non-adaptive
alternative hypotheses could also explain the observed
patterns (e.g. genetic drift, structured populations).
However, mitochondrial DNA data appear not to
support a biogeographic or demographic signature
coincident with observed morphological patterns
(Ferguson, 2014). Future work including assessments
of local predator guilds and non-neutral colour candi-
date genes (e.g. Agouti, MCIR, or KIT; Kerns
et al., 2004; Haase et al., 2007) could shed light on
potential selective forces shaping variation in dorsal
stripe patterns. Of course, without manipulative
experiments under field conditions, separating causa-
tion from correlation will remain a problem.
Although our methodology provides an effective
approach for quantifying colour variation for apose-
matic small carnivores, it is not without its limitations.
Prepared museum skins can distort the configuration
of colour patterns from those exhibited under natural
settings, although dorsal-pattern variation was found
to be independent of body length (a major form of dis-
tortion in museum skins). Also, the years of collection
for our specimens do not match the period from which
the remotely sensed data were collected, providing a
potential source of error if environments have changed
significantly. In addition, we were unable to quantify
shape dimensionality from our two-dimensional
images; body shape has been shown to be important for
the recognition and avoidance of skunks by their natu-
ral predators (Hunter, 2009). Our images are unable to
capture the nuances of behavioural strategies used
either to enhance or reduce the signalling of these col-
our arrangements. In addition, our analyses do not pro-
vide a sound assessment of the role of colouration in
either inter- or intraspecific communication, although
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most nocturnal carnivores tend to rely on olfactory sig-
nalling for communication purposes (Ewer, 1973).
Skunks are known for their behavioural responses to
threats, including foot-stomping, lunging, and tail rais-
ing or enlargement (Dragoo, 2009). Given the impor-
tance of the tail in such displays, quantifying the
arrangement and composition of black and white hairs
on this part of the body could prove useful, but is diffi-
cult due to various ways in which specimens have been
prepared (e.g. curved tails, tails bent under the body of
the specimen). In fact, research on other carnivores has
shown that a whole-body approach to pattern analysis
is important for questions of anti-predator defence as
markings on different parts of the body may serve dif-
ferent functions (Stankowich et al., 2011). Finally, our
interpretation of signals is based on a human-vision
system, which may or may not reflect the vision sys-
tems of skunk predators, although human and carni-
vore abilities to detect shapes and patterns are likely
similar (Osorio et al., 1999; Gibson et al., 2007).
Despite these limitations, our methodology provides
a novel technique for quantifying dorsal-pattern varia-
tion for aposematic or contrastingly coloured small
carnivores and, therefore, has the potential to be applied
to other similarly coloured species such as the honey
badger, Mellivora capensis, zorilla, Ictonyx striatus, or
African striped weasel, Poecilogale albinucha, to name a
few. The application of this technique to quantify varia-
tion in what is considered to be a highly polymorphic
mephitid, Mephitis mephitis, is currently underway and
proving to be effective (T. Stankowich, California State
University Long Beach, USA, personal communication,
2014). Overall, results indicate that colour patterns in
skunks are not simply a black and white issue, but that
local environmental conditions could be influencing
variation in the arrangement and intensity of these
colours within a single species. These findings suggest
that further investigations into intraspecific variation
in aposematic species such as skunks are warranted.
Future tests of the conspicuousness of these variations
under different canopy or climatic conditions and
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Appendix 6.A

Detailed methodology and descriptions for satellite-
derived imagery used to estimate environmental predic-
tor variables for subsequent modelling using generalized
dissimilarity and random forest procedures.

Satellite remote-sensing data from NASA’s Moderate
Resolution Imaging Spectroradiometer (MODIS;
http://modis.gsfc.nasa.gov) and Quick Scatterometer
(QuikSCAT;  http://winds.jpl.nasa.gov/missions/
quikscat/) was used to infer environmental characteris-
tics that could potentially influence ambient light con-
ditions and therefore signalling efficacy. From the
NASA LPDAAC MODIS collection hosted on Earth
Explorer (http://earthexplorer.usgs.gov/), we obtained
monthly Normalized Difference Vegetation Indices
(NDVI; MOD13A3) and a single 8-day interval of the
Leaf Area Index/Fraction of Photosynthetically Active
Radiation (LAI/FPAR; MOD15A2) for September,
February, April, and June, for 2005-2009. NDVI is
created from spectral reflectance measurements and
is related positively to above ground net primary pro-
ductivity (aNPP) and biomass (Burke et al., 1991;
Prince, 1991; Paruelo et al., 2000). LAI is defined as the
one-sided green leaf area per unit ground surface area
in broadleaf canopies and is used to characterize plant
canopy density (Knyazikhin et al., 1998). The four
months chosen represent the seasonality experienced
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Appendix 6.B

by populations of C. leuconotus (i.e. four seasons in the
north and wet and dry seasons in the south). Yearly
means were estimated by averaging the four monthly
values in ArcGIS 10.1 (ESRI, Redlands, CA) over 2005-
2009. In addition, we used yearly Vegetation Continuous
Field (VCF; MOD44B) values as a measure of the per-
centage of tree cover. A final grand mean and variance
of the five years was calculated and these values were
used as final predictors in statistical analyses. Monthly
QuikSCAT imagery for 2001 was used to obtain raw
backscatter measurements (QSCAT) that reflect attrib-
utes related to surface moisture and roughness (Long
et al., 2001) and elevation data were obtained from the
US Geological Survey and National Geospatial-
Intelligence Agency’s Global Multi-resolution Terrain
Elevation Data 2010 (GMTED2010; http://topotools.
cr.usgs.gov/gmted_viewer/). Variables with differing
native resolutions (e.g. QSCAT at 2.25km) were resam-
pled to 1km resolution using the Reproject function in
ArcGIS 10.1 (ESRI, Redlands, CA).

Appendix 6.B

Boxplots of Male and Female Whiteness Index (a) and
Mean body length (b) values based on 262 museum
skins of the North American hog-nosed skunk,
Conepatus leuconotus.
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Appendix 6.C

Descriptive statistics for Male and Female whiteness
indexand Mean body length values based on 262 museum
skins of the North American hog-nosed skunk.

Whiteness index (WI)

Body length (mm)

Standard Standard
Category Mean deviation  Variance  Range Mean deviation Variance Range
Male (n =142) 0.4007 0.0499 0.0025 0.1930-0.5106 473.6 69.1 4779.4 291.7-686.0
Female (n =90) 0.3959 0.0493 0.0024 0.2615-0.4981 452.2 53.9 2909.9 280.6-481.2
Unknown (n =30) 0.4017 0.0657 0.0043 0.2431-0.5133 438.3 57.2 3269.7 291.3-549.7
All (n =262) 0.3992 0.0516 0.0027 0.1930-0.5133 461.6 64.0 4095.2 280.6-686.0
Appendix 6.D
PP Simple kriging Standard error
surface surface
Details of kriging analyses of Whiteness Index values
for 262 museum specimens of the North American Major range 11.85 8.58
hog-nosed skunk with semivariogram descriptors and Lag size 1.48 1.07
neighbourhood search parameters for both the pre- Number of lags 12 12
dicted simple surface and standard error surface.
Neighbourhood search
parameters
Sector type 8 sectors 8 sectors
Simple kriging ~ Standard error Copy from variogram TRUE TRUE
surface surface
Neighbourhood type Standard Standard
Semivariogram Maximum number of 5 5
descriptors neighbours
Model Hole-effect Hole-effect Minimum number of 2 2
Nugget 0.0013 0.0019 neighbours
Partial sill 0.0015 0.00074 Number of weights 35 35
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SUMMARY

Latrines are accumulations of two to several hundred faeces resulting from the repeated use of the same defe-
cation sites by the same or several individuals. Many carnivores deposit their faeces in such dedicated latrine
sites, which are often shared by several animals either from the same social group or from neighbouring territo-
ries.Although latrines are assumed to play an important role in olfactory communication, detailed knowledge of
specific information exchange is still lacking. Four different categories of data are important in trying to under-
stand the function of latrines in animal societies: (i) spatial distribution patterns; (ii) temporal usage patterns;
(iii) individual visit and contribution patterns; and (iv) information content of the signal. While the spatial distri-
bution of latrines in relation to territory boundaries, landmarks and resources has been studied in a variety of
species, only a few studies concentrated on temporal variation in latrine usage. Even fewer studies provide
insights into inter-individual differences in visit and contribution patterns or the olfactory information content
of latrines. In this review, we outline potential functional hypotheses for latrine use and develop a research
framework for the study of latrine function. We then present three model species — European badger, Meles
meles, meerkat, Suricata suricatta, and banded mongoose, Mungos mungo — for which we have detailed data for
at least three of the four above-mentioned categories, which we will use to test these hypotheses. Throughout
the chapter,we review the different techniques used to collect these data in different species,discuss the limita-
tions of using spatial data alone to test functional hypotheses, and highlight the value of a combined approach.

Keywords

Badger — communication — faeces — information — meerkat — mongoose — olfactory — scent-mark

Introduction

Faeces and urine are obligatory metabolic by-products
of any heterotrophic diet. As both are intrinsically

*Corresponding author.

Small Carnivores: Evolution, Ecology, Behaviour, and Conservation, First Edition. Edited by Emmanuel Do Linh San, Jun J. Sato,
Jerrold L. Belant, and Michael J. Somers.
© 2022 John Wiley & Sons Ltd. Published 2022 by John Wiley & Sons Ltd.

pungent, readily available and ‘free’ substances, they are
naturally suited for scent-marking (Gosling, 1981, 1985;
Macdonald, 1985). In addition, their olfactory profiles
can be adapted easily to convey additional information
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about the scent-marking individual (e.g. Kimura, 2001).
While urine scent-marks are difficult for humans to
study insofar as they are only temporarily visible (Peters
& Mech, 1975; Macdonald, 1985), faecal (dropping/scat)
surveys can reveal how individuals, or groups, utilize
their environment (e.g. Gompper et al., 2006; Zhou et al.,
2015a) and can indicate population densities (e.g.
Tuyttens et al., 2001; Buesching et al., 2014).

A special case in this context is the use of latrines.
Latrines are defined as accumulations of two to several
hundred faeces resulting from the repeated use of the
same defecation sites by the same or several individu-
als. Because defecation sites are usually also associated
with the deposition of urine and glandular secretions
or visually conspicuous marks such as scratch marks
(Macdonald, 1980), they are better referred to as ‘com-
posite latrines’. The use of such composite latrines or
‘midden’ sites has been documented throughout the
class Mammalia, and includes examples from primates
(Lepilemur sp. and Hapalemur sp.: Irwin et al., 2004;
Eppley et al., 2016), ungulates (Leuthold, 1977; Estes,
1991), rodents (e.g. water vole, Arvicola terrestris:
Woodroffe & Lawton, 1990), and lagomorphs
(European wild rabbit, Oryctolagus cuniculus: Sneddon,
1991). Latrines have also been documented in some
carnivorous marsupials (e.g. spotted-tailed quoll,
Dasyurus maculatus: Kruuk & Jarman, 1995;
Tasmanian devil, Sarcophilus harrisii: Owen &
Pemberton, 2005) and monotremes (short-beaked ech-
nidna, Tachyglossus aculeatus: Harris et al., 2019).
Despite a conspicuous absence of reports of latrine use
in the Ursidae, and relatively few reports in the Felidae,
latrine use is probably the most widespread and inten-
sively studied in the Carnivora. Within this order, pub-
lished evidence of latrine use exists for at least 45
species across seven families (see Table 7.1).

Carnivore latrines are often used by several animals,
either from neighbouring territories and/or multiple
members of the same social group or pair territory,
and even from different species (King et al., 2017;
Apps et al., 2019). Nevertheless, despite some knowl-
edge of the distribution of latrines across taxa (Table
7.1), individual patterns of latrine use and behaviour
at latrine sites are rarely investigated. As many species
produce composite latrines with faeces, urine, and
other scent-marks deposited in the same area, the role
of latrines in olfactory communication is generally

accepted (Brown & Macdonald, 1985). Detailed knowl-
edge of specific information exchange, however, is still
lacking, and conclusions drawn about the function of
latrines are thus restricted.

In this chapter, we first outline previously suggested
hypotheses to explain the function of latrine use.
Many of these hypotheses, however, are not mutually
exclusive, and there is no published framework for dis-
tinguishing between them. Here, we develop such a
research framework, identifying four categories of
data that we feel researchers should attempt to collect
and consider when investigating the function of
latrines in any species. We then use this framework to
evaluate functional hypotheses for latrine use in three
model species - European badger, Meles meles, meer-
kat, Suricata suricatta, and banded mongoose, Mungos
mungo — for which we have detailed data for at least
three of the four suggested categories. Throughout the
chapter, we will review the different techniques used
to collect these data in different species, discuss the
limitations of using spatial information alone to test
functional hypotheses, and highlight the value of a
combined approach. We will present a broad
(carnivore-wide) review of latrine use, but where pos-
sible, we will refrain from using examples from our
three focal species in the general sections, as these will
be discussed as in-depth case studies. On occasion,
examples from other taxa will be used, but only to dis-
cuss hypotheses potentially relevant to explain small
carnivore latrine use and where data from the
Carnivora are not yet available.

Hypotheses for the Function(s)
of Latrines

A variety of hypotheses have been suggested to explain
the function(s) of latrine use in different species. The
most prominent amongst them relate to resource
acquisition and defence (here, referred to as resource
ownership). Others focus on the information centre
hypothesis, or their role in orientation, parasite avoid-
ance, or predator-prey interactions. In the following,
we will discuss each of these hypotheses in turn, illus-
trating them with examples from a variety of carnivore
species before we investigate their validity and limita-
tions in our three focal species.
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Table 7.1  Species from the order Carnivora for which latrine use has been documented. Very likely, many more carnivore
species use latrines. See Appendix A for selected attributes of species weighing < 21.5kg.

Family Scientific name English name Selected references
Canidae Canis aureus Golden jackal Macdonald (1979)
Canis latrans Coyote Ozaga & Harger (1966), Camenzind (1978), Ralls &
Smith (2004)
Canis simensis Ethiopian wolf Sillero-Zubiri & Macdonald (1998)
Chrysocyon brachyurus Maned wolf Kleiman (1972)
Cuon alpinus Dhole Johnsingh (1982)
Nyctereutes procyonoides ~ Raccoon dog Ikeda (1984), Yamamoto (1984), Tsunoda et al. (2019)
Urocyon cinereoargenteus  Grey fox Trapp (1978)
Vulpes macrotis Kit fox Ralls & Smith (2004)
Vulpes velox Swift fox Darden et al. (2008)
Felidae Felis catus Domestic/feral cat Molsher (1999)
Felis silvestris European wild cat Pifieiro & Barja (2015)
Leopardus pardalis Ocelot Moreno & Giacalone (2006, 2014), Rodgers et al.
(2015), King et al. (2017)
Lynx rufus Bobcat Bailey (1974)
Herpestidae  Atilax paludinosus ‘Water mongoose Maddock (1988), Do Linh San et al. (2020)
Crossarchus alexandri Alexander’s cusimanse  Kingdon (1978)
Cynictis penicillata Yellow mongoose le Roux et al. (2008), Bizani (2014)
Galerella pulverulenta Cape grey mongoose Mbatyoti (2010)
Galerella sanguinea Slender mongoose Maddock (1988), Zemouche (2018)
Helogale parvula Dwarf mongoose Rasa (1977)
Herpestes ichneumon Egyptian mongoose Maddock (1988), Palomares (1993)
Mungos mungo Banded mongoose Jordan et al. (2010)
Suricata suricatta Meerkat Ewer (1963), Jordan et al. (2007)
Hyaenidae Crocuta crocuta Spotted hyena Kruuk (1972), Vitale et al. (2020)
Hyaena hyaena Striped hyena Macdonald (1978)
Parahyaena brunnea Brown hyena Mills et al. (1980)
Proteles cristatus Aardwolf Kruuk & Sands (1972), Nel & Bothma (1983), Sliwa
(1996)
Mustelidae Aonyx capensis Cape clawless otter Jordaan et al. (2017)
Arctonyx collaris Greater hog badger Zhou et al. (2015b)

Lontra canadensis

Lontra longicaudis

Lutra lutra
Martes martes

Meles anakuma

North American river
otter

Neotropical otter

Eurasian otter
Pine marten

Japanese badger

Rostain et al. (2004), Green et al. (2015), Barocas
et al. (2016)

Kasper et al. (2008), Santos & dos Reis (2012),
Medina-Barrios & Morales-Betancourt (2019)

Kruuk & Hewson (1978)
Lockie (1966), Barja et al. (2011)
Kaneko et al. (2009)

(Continued)
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Table 7.1 (Continued)

Family Scientific name English name Selected references
Meles meles European badger Kruuk (1978), Buesching et al. (2016)
Mellivora capensis Honey badger Begg et al. (2003)
Mustela furo Domestic ferret Clapperton (1989)
Poecilogale albinucha African striped weasel ~ Alexander & Ewer (1959)
Pteronura brasiliensis Giant otter Leuchtenberger & Mourio (2009)
Procyonidae  Bassariscus astutus Ringtail Barja & List (2006)
Procyon lotor Northern raccoon Page et al. (1998), Hirsch et al. (2014), Kent &
Tang-Martinez (2014)
Viverridae Civettictis civetta African civet Bearder & Randall (1978), Engel (2000), Bekele
Tsegaye et al. (2008)
Genetta genetta Common/small- Palomares (1993), Barrientos (2006), Espirito-Santo
spotted genet et al. (2007)

Genetta maculata

Genetta tigrina Cape genet
Paradoxurus Common palm civet
hermaphroditus

Rusty-spotted genet

Engel (1998), Blomsterberg (2016), Zemouche (2018)
Roberts et al. (2007), Mrubata (2018), Ziko (2018)
Bartels (1964)

Resource Ownership

Latrines are often explained as ‘advertisement of own-
ership’ (i.e. the acquisition and defence) of one or sev-
eral of four main resources. The most frequently
defended resource is the territory per se; others are the
resources that are generally contained within most all-
purpose territories: food sources, sleeping and/or
breeding sites, and mates. We will now review the evi-
dence for the role of latrines in acquiring or defending
each of these resources in turn.

Territories

Territories are relatively stable areas from which resi-
dents exclude intruders by some combination of
advertisement, threat, and attack (Kaufmann, 1983).
The traditional interpretation of latrines and scent-
marks is thus that they form a kind of ‘scent-fence’,
representing a ‘keep-out’ message against intruders
(e.g. Hediger, 1949), akin to the suggested role of avian
song (e.g. Krebs et al., 1978). To our knowledge, such
an effect, however, has not been demonstrated in car-
nivores and has only been suggested in two rodent spe-
cies (North American beaver, Castor canadensis:
Miiller-Schwarze & Heckman, 1980; blind mole-rats,
Spalax ehrenbergi: Zuri et al., 1997), which contrasts
markedly with numerous observations of territorial

intrusions by non-resident individuals from many
carnivores (e.g. common dwarf mongoose, Helogale
parvula: Rood, 1983; African lion, Panthera leo:
McComb et al., 1994).

The failure of the Scent-Fence Hypothesis, however,
does not necessarily preclude any role of latrines in
territory defence. There are many examples of bound-
ary deposition of faeces in carnivores (e.g. golden
jackal, Canis aureus: Macdonald, 1979; spotted hyena,
Crocuta crocuta: Gorman & Mills, 1984), which would
be expected intuitively if latrines are indeed a method
of demarcating a territory (Johnson, 1973). Macdonald
(1980), however, proposed that only group-living spe-
cies can produce enough faeces to maintain border
latrines. To illustrate his point, he gave many examples
of social and solitary species that do not scent-mark
along their territory borders but do so throughout
their home range instead. Indeed, mammals seem to
scent-mark throughout their territory where regular
patrols and maintenance of border latrines are uneco-
nomical (e.g. Gorman & Mills, 1984; Gorman, 1990).
Gorman & Mills (1984) discussed this hypothesis
within the Hyaenidae, and suggested that both inter-
and intra-specific variations in latrine (and scent-
mark) location occur in relation to economic and
ecological constraints. For example, all three species
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of extant hyenas, as well as the closely related aard-
wolf, Proteles cristatus, use latrine sites, and paste-
mark grass stems with a substance excreted from the
anal pouch (Sliwa & Richardson, 1998). Generally,
those species with relatively large home ranges (e.g.
brown hyena, Parahyaena brunnea: Mills et al., 1980)
scent-mark throughout the territory, whereas those in
smaller ranges (e.g. spotted hyena: Kruuk, 1972) scent-
mark the border. While border marking gives the
potential intruder the earliest warning of transgres-
sion, it involves only a single line of defence, which
must be relatively continuous and well maintained to
ensure detection. This requires the production of a
large volume of faeces as well as regular patrols to dis-
tribute it, which is not economically feasible where
individuals would have to patrol long stretches of the
border. Although all hyena species seem to fit this eco-
nomically driven pattern of latrine distribution, intra-
specific variation in spotted hyena latrine distribution
perhaps provides the best illustration. In the
Ngorongoro Crater (Tanzania), where an abundant
food supply supports large groups in small territories,
hyenas position most latrines along territorial borders
(Kruuk, 1972). In contrast, small groups of spotted
hyenas occupy large home ranges in the Kalahari
Desert (South Africa/Botswana) where they adopt a
‘hinterland’ marking strategy, positioning latrines
throughout their territory (Mills & Gorman, 1987).

In reassessing the function of scent-marks in territo-
ries, Gosling (1982) proposed the Scent-Matching
Hypothesis as an alternative mechanism of how
latrines and scent-marks can aid in territorial defence:
as territory owners have already made significant
investments in the territory, it pays the owner more to
defend the territory than it does the intruder to esca-
late the conflict in a take-over bid (Maynard-Smith &
Parker, 1976; Hammerstein, 1981; Gosling, 1982) as
supposed by the Payoff Asymmetry Hypothesis
(Dawkins & Krebs, 1978; Krebs, 1982). Thus, when
intruders and owners meet, an asymmetry of contest
is established. In this context, scent-marks can provide
areliable and honest signal of ownership because only
long-term residents will have been able to mark
throughout the territory. By comparing scent-marks
encountered within the territory with the potential
owner'’s scent, intruders can thus avoid confrontation
(e.g. Gosling & McKay, 1990) through scent-matching
(Gosling, 1982).

Hypotheses for the Function(s) of Latrines

The hypothesis that scent-marks serve to familiarize
individuals or provide psychological reassurance to
residents, ‘making him feel that he belongs in every
quarter’ (Stoddart, 1980), has been suggested by a vari-
ety of authors (e.g. Kleiman, 1966; Seitz, 1969;
Mykytowycz, 1970; Ralls, 1971; Ewer, 1973; Walther,
1978; Schilling, 1979). As Gosling (1982) realized,
however, most conclusions of this nature result from a
lack of supporting evidence for other hypotheses and
are not usually based on convincing empirical sup-
port. Nevertheless, it could be that as intrusions and
encounters are more likely to occur in border regions
of the territory in many - if not all - species, the con-
centration of scent-marks in this area might serve to
provide a home advantage by ‘reassuring’ the resident.
Experimental evidence from European wild rabbits
provides some support for this hypothesis, as male
rabbits were dominant over others in the presence of
their own scent in otherwise neutral arenas
(Mykytowycz et al., 1976). This ‘resident wins’ rule
conforms to the predictions of the Scent-Matching
Hypothesis (Gosling, 1982).

Nevertheless, animals do not defend territories for
space alone but for any resources they may hold. As
the motivation for territoriality may differ between the
sexes (e.g. African lion: Pusey & Packer, 1997; spotted
hyena: Boydston et al., 2001), so may the motivation
for latrine use. Falling under the umbrella of defend-
able resources are food sources, sleeping and breeding
sites, and mates, each of which we will consider in
turn below.

Food

In some species, a strong spatial association of latrines
with food resources has been recorded. For example,
striped hyena, Hyaena hyaena, latrines occur close to
feeding areas (Macdonald, 1978). Concentrations of
faeces around fruiting trees have been described in the
grey fox, Urocyon cinereoargenteus (Trapp, 1978), and
in the greater hog badger, Arctonyx collaris (Zhou
et al., 2015a), while in some populations spotted hye-
nas form temporary latrines close to large Kkills
(Bearder & Randall, 1978). In many species, however,
the prey or consumable vegetation is distributed uni-
formly or cryptically, thus making it difficult for the
human observer to demonstrate a connection. An
alternative explanation for the close proximity of
latrines to feeding sites is that they signal resource
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depletion. When individuals den together but forage
individually or in small groups (e.g. spotted hyena;
Ethiopian wolf, Canis simensis), latrine activity may
signal resource depletion to the mutual benefit of all
group members (sensu Eisenberg & Kleiman, 1972).
Furthermore, faeces volume and consistency are likely
to be honest signals of the type and richness of
resources exploited (e.g. Walls et al., 1989), as they
vary considerably with diet (e.g. Zhou et al., 2015a).
Thus, faeces volume at latrine sites could effectively
signal resource exploitation/depletion and maximize
foraging efficiency for all group members (Passive
Range Exclusion Hypothesis: Stewart et al., 1997)
including the marking individual itself (i.e. the
Foraging Book-Keeping Hypothesis: Henry, 1977).
Latrines of Eurasian otters, Lutra lutra, for example,
are not associated with territorial boundaries, but
instead are thought to function as a spacing mecha-
nism for foraging individuals to maximize feeding effi-
ciency within group territories (Kruuk, 1992).
Nevertheless, as we will discuss in more detail later,
the spatial association of latrines with particular
resources is insufficient evidence of their intended
defensive function. Evidence of this is that individuals
may remain in the vicinity of abundant food sources
over an extended period of time, resulting in the natu-
ral accumulation of faeces in these well-used areas
without active signal intent.

Although it is possible that latrine use and scent-
marking have different or multiple functions even
within the same species, some evidence concordant
with the resource depletion hypothesis exists from
non-latrine scent-marking patterns: African palm civ-
ets, Nandinia binotata, scent-mark the trees from
which they feed (Charles-Dominique, 1978), while red
foxes, Vulpes vulpes, urine-mark depleted caches
(Henry, 1977). In the latter case, it is possible that such
marking could reduce the time invested in a subse-
quent investigation of these sites. However, since the
visual effects of prior cache retrieval may be visible
from a distance, at least during the day or on moon-lit
nights (Macdonald, 1987), it may be unlikely that
scent-marking signals (only) resource depletion.
Instead, foxes may use the conspicuous sites of former
caches to promote urine detection by conspecifics.

In perhaps the first study designed to assess the role
of carnivore scats in defending a trophic resource,

Pifieiro & Barja (2015) attempted to determine whether
faecal marks deposited by European wild cats, Felis sil-
vestris, serve to defend rich food patches. The authors
identified scats with a presumed communicative func-
tion (i.e. those located on conspicuous substrates,
above ground level, at a crossroad or in a latrine) and
showed that wild cats deposited faecal scent-marks
most often where their main prey (small mammals)
are more abundant; a result they interpreted as sug-
gesting that wild cats defend favourable hunting areas.
Nevertheless, the possibility remains that wild cats
may simply spend more time in these rich food areas,
and thus faecal deposition for other purposes, includ-
ing purely for waste elimination, may therefore occur
more frequently in these areas independent of the
abundance of food. This, of course, is also a possible
explanation for the observation of faeces concentra-
tions close to feeding areas in grey foxes, greater hog
badgers, striped hyenas, and spotted hyenas as
described above.

Breeding and/or Sleeping Site(s)

Many species defecate predominantly in the vicinity of
their sleeping and/or breeding sites: for example, scats
of coastal Eurasian otters are deposited more than
twice as often within 100m of holts than elsewhere
(Kruuk & Hewson, 1978). As the route into their holts,
however, is determined by landing points along the
water’s edge, otters probably only need to mark these
regions, as all other resources are under water.
Similarly, latrines at burrow entrances are also
reported in yellow mongooses, Cynictis penicillata (le
Roux et al., 2008).

Mate Acquisition/Defence

Strategies for maximizing reproductive success are
sexually dimorphic in most mammals, with mates
generally representing a more limiting resource for
males than for females (Trivers, 1972; Clutton-Brock,
1988). Various authors have suggested that territorial-
ity acts as a mechanism to deter kleptogamy, that is
territorial males attempt to prevent neighbours from
gaining reproductive access to resident females, not
other physical resources (e.g. Lack, 1966; Wrangham,
1982; Roper et al., 1986). Sillero-Zubiri & Macdonald
(1998) suggested a similar hypothesis for the defence
of mates in Ethiopian wolves, in which females seek
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copulations with males from neighbouring packs
along territorial borders (Sillero-Zubiri et al., 1996)
and may engage in extra-territorial forays (Sillero-
Zubiri & Gottelli, 1995). As resident females chase
these intruders away but males do not, the authors
suggest that these female ‘floaters’ might use the
demographic information contained within scent-
marking sites to determine whether a breeding posi-
tion is available in neighbouring territories, although
thus far, no such mechanism has been shown in any
species.

Conclusion

Most studies interpreting latrines in the context of ter-
ritorial defence rely on analyses of the spatial distribu-
tion of latrine sites, as they are persistent and often
visually conspicuous, making them ideal targets for
the study of population densities. The problem is,
however, that many previous studies where selective
positioning had been ‘demonstrated’ did not control
adequately for the possibility that the study species
utilized its home range non-randomly in relation to
these features of importance (e.g. grey wolf, Canis
lupus: Barja et al., 2004). The generation of random
control points is seldom sufficient, but rarely - if ever
- are shortcomings of this nature acknowledged. The
investigation of latrine function thus requires not only
correlational analyses of latrine spatial and temporal
distribution, but also detailed investigations of indi-
vidual behaviour at — and responses to — latrine sites
and perhaps even the specific deposits within them. In
the following, we will review hypotheses formulated
on the basis of studies emphasizing other attributes of
latrine use, such as temporal patterns, individual-
specific behaviour, and olfactory information content.

Information Centre Hypothesis
and Reproductive Advertisement

Many species, especially amongst the Carnivora
(Brown & Macdonald, 1985), establish composite
latrines where animals scent-mark in addition to
depositing faeces and urine. The olfactory information
available at latrine sites is thus impressive: for exam-
ple, all carnivores possess paired anal glands, which
secrete into the rectum, coating faecal deposits with
anal jelly (McColl, 1967), and, in some species, the

Hypotheses for the Function(s) of Latrines

secretion has been shown to encode information such
as sex (e.g. steppe polecat, Mustela eversmanni, and
Siberian weasel, Mustela sibirica: Zhang et al., 2003;
brown bear, Ursus arctos: Rosell et al., 2011), group
membership (e.g. spotted hyena: Burgener et al., 2008;
Theis et al., 2013), and individuality (e.g. giant panda,
Ailuropoda melanoleuca: Zhang et al., 2008). Scent-
presentation experiments have shown that demo-
graphic information is discernible at least in some
species through olfactory investigation, for example,
group discrimination in raccoon dog, Nyctereutes pro-
cyonoides (Yamamoto, 1984); sex discrimination in
domestic dogs, Canis familiaris (Dunbar, 1977); indi-
vidual discrimination in small Indian mongooses,
Urva [= Herpestes| auropunctata (Gorman, 1976), and
spotted hyena (Burgener et al., 2008). In addition, fae-
ces and urine — as metabolic waste products - serve to
excrete endocrinological metabolites, such as sex-
steroid derivatives, which can be used to determine
the animal’s reproductive status (e.g. Schwarzenberger
et al., 1996). Thus, males of many species can detect
female oestrus through investigation of faeces, often
employing their vomeronasal organ in the characteris-
tic flehmen response (Kinoshita et al., 2009), such as
observed in domestic cats, Felis catus (Verberne, 1976;
Verberne & DeBoer, 1976). In addition, latrine activity
often varies seasonally, generally peaking during the
breeding season. For example, common genets,
Genetta genetta, deposited more faeces at latrines dur-
ing the peak mating season (Barrientos, 2006), and
this pattern was repeated in the marsupial spotted-
tailed quoll, though restricted to latrine sites along
drainage lines in this species (Ruibal et al., 2011). The
mere presence and activity level of latrine sites could
thus signal sexual receptivity (Buesching & Macdonald,
2001). Details of which individuals leave these scats
are often lacking in such studies, but a radio-collared
male Japanese badger, Meles anakuma, was recorded
to make more frequent visits to neighbouring latrines
during the mating season (Kaneko et al., 2009).

Orientation

In many species, latrines are located at conspicuous
landmarks, such as ditches, road- or bridge-crossings
(e.g. grey wolf: Barja et al., 2004; North American river
otter, Lontra canadensis: Torgerson, 2014), or

139

85U0|7 SUOWIWOD 8A 281D 3|l (dde auy Aq pauseno aJe Sajoie VO ‘8sn Jo e 10} Akeid 8UlUQO AS[IAA UO (SUORIPUCO-pUe-SWLBI/LIY" AB 1M ARl 1 [pUl|UO//SANY) SUOTIPUOD pue swie | 8y 89S *[£202/2T/.z] uo Ariqiauljuo As|im ‘AisieAlun axeis opelojoD Aq /iop/woo A Akeiqijeujuoy/sdny woly pepeojumod



140

The Function of Carnivore Latrines: Review, Case Studies, and a Research Framework for Hypothesis Testing

particularly big trees (e.g. common genet: Espirito-
Santo et al., 2007). Often they are connected with well-
travelled paths leading from sleeping sites to foraging
grounds or watering holes (e.g. review in Gorman &
Trowbridge, 1989); an observation that has caused
some authors to liken latrines to signposts along
human roads.

Parasite Reduction

In primates (including humans), latrine use has long
been suggested to reduce parasite load. Red howler
monkeys, Alouatta seniculus, for example, use specific
sites for defecation, which are characterized by areas
free of underlying vegetation, which is interpreted as
an adaptation to decrease the likelihood of contami-
nating potential food sources or arboreal pathways
(Gilbert, 1997). Nevertheless, there is currently no evi-
dence that latrine use is also associated with a reduc-
tion in parasite load in carnivores. In fact, latrines may
have quite the opposite effect, as evidenced by a series
of detailed studies on northern raccoons, Procyon
lotor, with regard to their potential role in the spread
of raccoon roundworm, Baylisascaris procyonis, which
also affects humans (e.g. Page et al., 1998; Logiudice,
2001). Data from proximity-logging collars at 15 latrine
sites implicated raccoon latrines as major foci for the
infection and spread of B. procyonis (Hirsch et al.,
2014).

Concealment of Presence to Other Species

Prey animals can avoid predators based on olfactory
cues from scent-marks. For example, Mech (1977)
demonstrated that prey species may intercept the ter-
ritorial signs of the grey wolf and keep to the periphery
of wolf territories. Similarly, European hedgehogs,
Erinaceus europaeus, avoid areas scent-marked by
European badgers (Ward et al., 1997), and faecal
odours of least weasels, Mustela nivalis, have been
used successfully as olfactory rodent deterrents to pro-
tect crops (e.g. Borowski, 1998), whereas Tobin et al.
(1995) showed that members of three species of wild
rats, Rattus spp., avoided traps soiled by small Indian
mongooses. These findings prompted some authors to

explain the faecal covering (i.e. scraping soil over fae-
ces) observed in some carnivores as concealment or
anti-prey-detection behaviour (e.g. domestic cat:
Feldman, 1994; African wild cat, Felis lybica: Estes,
1991; aardwolf: Kruuk & Sands, 1972). The suggestion,
however, that aardwolves bury their faeces in middens
to avoid detection by their prey (Kruuk & Sands, 1972)
is rather unconvincing, as aardwolves feed almost
exclusively on Trinervitermes termites (Bothma & Nel,
1980). In addition, it has been noted that domestic cats
and European wild cats alike bury their faeces only in
core areas, and that in all other areas of their range,
they leave them in prominent locations (Corbett, 1979;
Panaman, 1981; Macdonald, 1985).

Derived Predictions

Each of these four broad hypotheses results in a num-
ber of predictions (see Table 7.2), which can then be
investigated in the field by collecting an array of data.
While many of these hypotheses are not mutually
exclusive, we have kept them separate in our effort to
assemble a workable framework for the study of the
function(s) of latrines generally (Table 7.2 and next
section). We have identified the measurable parame-
ters that are important in this context, and have
attempted to produce predictions based on these
parameters that will allow functional interpretations
of latrine use to be drawn more effectively than at
present.

Which Parameters Are Important
in the Study of Latrines?

At least four categories of data are important in under-
standing the function(s) of latrines in carnivore socie-
ties and formulate an appropriate research framework:
spatial distribution patterns, temporal usage patterns,
individual visit/contribution patterns, and the infor-
mation content of the signal (see also Table 7.2). In
this section, we will review the available data for each
of these categories in turn, with a focus on carnivores.
Unfortunately, examples where data for all four cate-
gories are available are currently scarce.
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Table 7.2 Hypotheses and predictions for the function of latrines.

1. Spatial distribution

2.Temporal patterns

4. Information content of signals

Predicted

3. Individual behaviour of
Category Hypothesis Function Broad Local Seasonal Short-term contributions Chemistry Discrimination interloper/receiver
1. Resource  1.1. Territory Defend/ Locations to Locations to Peak when Temporally Primarily deposited ~ Low volatility Solitary: self vs. Receivers avoid
acquisition acquisition/ acquire optimize optimize intrusion correlated with by territory owners  ensures long-lived  neighbour/ scent-marked
and defence  defence space intercepting intercepting threat most intruder (except where signals (maximize  stranger. areas/retreat on
interlqpers intruders. intense. encoupters involyf:«:! in territory loggeviw/ Social: own-group encountering
(espec1al}y those Substrate and (Maybe (especially acquisition). minimize vs. neighbour/ scents (scent- A
‘hf‘?a‘e“‘flg X microclimatic year-round). those . Sex-dependent distribution costs). stranger. fenf:e? or mo?“fy
territory integrity). site selection to threatening (where intrusion or  Inclusion of A . their interaction
Primarily withi L territory PN A Specific signal with owner(s)
rimarily within maximize N " territoriality is anti-microbial degradation hen territs
territory. detectign and integrity). sex-biased). compgnems in pattern encodes ?éekatlnf;::: }?g
longevity. secretion prolongs i formation on

Dependent on
costs of patrolling

Status-dependent
(elevated in

‘shelf-life’ of
scent-marks.

signal age (time

individual scent
(scent-match).

and reinforcing individuals with since deposition), )
signals (e.g. more to gain by Allow association  to assess the ability ~Neighbour—
border-marking maintaining between territory  of owner(s) to stranger
only possible in territory, e.g. owner(s) and defend area or discrimination in
small territories). breeding/dominant  defended areas evaluate the accordance with
individuals). (in groups, signals  likelihood of being ~ Dear Enemy/Nasty
should be caught intruding. ~ Neighbour
group-specific:for  1gengification: Phenomenon.
1nd{v1dual matching scent of Over-/ i
territory owners, resident to scent of countermarking
signals should be territory (e.g. may occur by
individual- group, pair, intruder; in
specific). individual competition.
discrimination,
depending on
social system).
Possible numerical
assessment of
territory holders/
group size.
(Continued)
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Table 7.2 (Continued)
1. Spatial distribution 2. Temporal patterns 4. Information content of signals Predicted
3. Individual behaviour of
Category Hypothesis Function Broad Local Seasonal Short-term contributions Chemistry Discrimination interloper/receiver
1.2. Food Defend/ Clustered around  Clustered Related to Temporally Marking perhaps Individual- Self vs. other Avoid marked
acquisition/ acquire large food patches  around food seasonal associated more common by specific. (group or areas or approach
defence/sharing  food (e.g. grasslands, sources (e.g. availability/  with early arrivals to Group-specific. individual). with heightened
ponds, rivers). fruiting treesor  productivity ~ encounters food (more to lose). Allows owner(s) alertness.
kill sites). of food withrivalsat/  giavated use in of resource to b Reduced/absence
In areas of patches. near food presence/proximity  jqentified of food sharing.
resource. » .
valuable food Elevated use of rivals.
sources. when food Can be used by
competition is individuals to claim
most intense. ownership (e.g.
Elevated in food caches)
season of low
food
availability
(increases
foraging
efficiency).
Signal food ~ More commonin  Prominent and More Following All users of Signal age/time Signal age. Reduced visit or
depletion (previously) on/in vicinity of ~ common in depletion of resource expected since deposition foraging/hunting
productive (depleted) food season of low food resources  to mark, especially  (to assess the activity in recently
hunting/foraging  resources/ availability at a particular  those who were likelihood of marked (i.e.
areas. caches. (asitreduces site. unsuccessful (i.e. resource having depleted) areas.
Accumulation as time invested did not feed) at a been replenished).
resource is in searching normally
increasingly for depleted productive food
exploited. resources). patch.
More Possibly elevated
common marking just prior
when food is to leaving resource.
patchily
distributed.
Attract Elevated in areas Near divisible Dependent On arrival at More likely in social Individual- ‘Friend vs. foe’ Recruited to food
conspecifics  used for foraging resources such on seasonal divisible groups with specific: (familiar vs. source.
to divisible  (e.g. edges of as 1‘a{"ge kill sites, ~differences in  resources. ﬁssiopfﬁlsion “friend vs. foe’. Pnfarpiliar Reduced foraging/
food productive fruiting trees, the foraging. individual?). feeding
source(s) habitats). and other rich abur_lc!a_nce competition at
Locations patches. of divisible marked food
maximizing Locations food sources. source.
scent-detection maximizing
distance. scent-detection
distance.
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1.3. Breeding/
sleeping site
defence

1.4. Mate
acquisition/
defence

Avoid Located away from
detection by hunting areas.

potential

prey

Acquire/ Clustered around

defend breeding or

breeding/ sleeping sites.

sleeping site

Acquire Maximize

mate(s) likelihood of
intercepting

potential mates
(when mates are
within the same
group, may be
equally distributed
throughout range).
Clustered around

breeding grounds
or at borders.

Concealed
(e.g. buried)
ablutions.

Dry sites that may
not confer local
(microclimatic)
protection
translating into
short life-span of
olfactory signal,
or conversely
thick
understorey/
hard-to-reach
places.

Clustered in
immediate
vicinity of
breeding or
sleeping sites
(e.g. at burrow
entrances, at the
basis of sleeping
trees, etc.).

Maximize
likelihood of
intercepting
potential mates
or reproductive
rivals (e.g. trails
near mates or
their foraging
areas).

May relate to
seasonal
differences in
the
abundance
of potential
prey.

Elevated use
when
competition
for sites is
most intense
(breeding
season).

Higher rates
in breeding
season (or
periods when
pairs are
formed).

Over-/
counter-
marking of
potential
mate or rival.

Cessation/
reduction of
marking when
hunting.

Higher rates in
presence of
potential mate
or rival.
Higher rates in
presence of
signals of
potential mate
or rival.

No variation.

Sleeping sites: all
individuals likely to
contribute.

Breeding sites:
predominantly
females with
dependent young
(and potentially the
father depending on
breeding system).

In presence of
potential mate or
rival.

Over-/
countermarking of
Ppotential mate/
rival.

Species-specific:
generalized
predator-prey
differences.

Low detectability,
e.g. involatility.

Individual-
specific: self vs.
other.

Allows owner(s)
of resource to be
identified.

Sex differences.

Sexual status/
fitness-related
parameters.

Individual
identity.

Relative mark (top
vs. lower) position.
Kinship/quality.
Pair-specific.

Relatedness.

Prey discriminate
predator from
non-predator
species.

Self vs. other.

Sex.

Sexual status,
pair-bond.
Individual identity.
Association of
scents of pair with
particular pair.

Pair-bond strength?

Relative (top vs.
lower) position of
scent-marks.

Kinship/quality.
Pair-specificity.
Related vs.
unrelated.

Prey show
behaviours
reducing risk of
predation (e.g.
repulsion/
increased
vigilance) when
detecting and
identifying
predator latrines.

Avoid marked sites
completely in
solitary breeding/
sleeping species;
otherwise ‘friends’
and relatives/
mating partner(s)
might be attracted;
“foes’ repelled.

Prefer potential mates
‘who mark more.

Sex-specific reaction
depending on
physiological/
reproductive
characteristics of
receiver.

Reaction to scent varies
with information
content (i.e. individual
characteristics of the
marker).

Respond by mating
with individuals that
overmark.

Prefer potential mates
who are successful in
overmarking the
scents of other
potential mates.

Prefer unrelated and
high-quality mates,
but may prefer related
helpers.

(Continued)
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Table 7.2 (Continued)
1. Spatial distribution 2.Temporal patterns 4. Information content of signals Predicted
3. Individual behaviour of
Category Hypothesis Function Broad Local Seasonal Short-term contributions Chemistry Discrimination interloper/receiver
Defend Maximize Maximize Higher rates ~ Higher ratesin ~ Overmarking/ Sex differences. Association of Reduced
mate(s) likelihood of likelihood of in breeding presence of competitive Potential scents of pair with  competition for
intercepting intercepting season (or potential mate  countermarking individual particular pair. mate in presence
potential mates or  potential mates  periods when or rival. (may be of same differences. Sex. of its mate.
reproductive rivals  or reproductive airs are : ’ : sex, for evaluation :
(vfhen rivals are rivals (e.g. near fhreatened). Higher ratef:s n by female, or of Individual. Attraf:uon t o .
T A presence o R unpaired signals;
within the same breeding signals of mate for disguising (relative) repulsion
group. maybe grounds or potential mate  her presence/ from paired
equally distributed ~ foraging areas). or rival. ?dvertlsll?g, signals.
throughout range). Allo-marking Higher rates ‘ownership’).
mate. when mate is
In locations receptive.
marked by mate
or rival.
Suppress Maximize Maximize Higher rates ~ Higher ratesin  Over-/ Sex differences. Sex. Undergo
rivals likelihood of likelihood of in breeding presence of countermarking of 1, jiviqual Individual. reproductive
intercepting intercepting season (or rival or potential mate or identity. . suppression.
potential potential periods when scent-marks of rival. X Dominance status.
reproductive rivals  reproductive pairs are rival. Dominance status.  geproductive
(when rivals are rivals (when threatened). Reproductive condition.
within the same rivals are within condition.
group, may be the same group,
equally distributed may be equally
throughout range).  distributed
throughout
range).
2. Other 2.1. Parasite Reduce Avoid areas of Avoid sleeping Related to Elevated at Used by all. Contact increases
reduction parasite high use. apd feeding the life-(.:ycle timesAof bigh No investigation/ parasitﬁ: )
load sites. of parasites.  parasite risk. contact with trarfsmlssmn, so
Choose sites that existing scents avoid contact with
may not confer (especially faeces) latrines.
local at sites.

(microclimatic)
protection.
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2.2. Predator Avoid/deter  Risk specific.

avoidance/ predator(s)  Greater in areas

deterrence with elevated
predator
abundance.

2.3. Orientation/ Navigate Throughout home

familiarization range and beyond.

Avoidance: avoid
marking areas
where predators
are present.

Potentially
conceal
ablutions.

Strong
clustering.

Deterrence:
elevated in areas
where predators
are present;
latrines very
obvious.

Along trails (or
perhaps when
away from used
trails?).

Peaks of
deterrent
marking
expected
when the
threat of
predation is
highest.
Peaks of
eavesdropped
marking
expected
when threat
of predation
is lowest.

Elevated in
unfamiliar
areas.

Peaks of Deterrent
avoidance or scent-marks most
deterrent common in
marking individuals victim

expected when  of predation
apredator has  attempts.
been detected.

Elevated in Revisits by
individuals depositing
establishing individual.
range.

Potentially a signal
demonstrating
that predator has
been seen.

Potentially a signal
suggesting
unsuitable or
dangerous prey.

Individual
identity.
Possibly also
signal age.

Predator interest in
prey scent.
Predators use scent
to locate prey.
Reduced predation
due to aversion/
overpowering
scent.

Individual identity ~ Investigate and use

(at least self vs. own scents for
other). navigation.
Signal age,

potentially travel

direction,

potentially ‘stress
level’ (i.e. to warn
itself of danger)?
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Spatial Distribution Patterns of Latrines

Due to the practical difficulties of identifying and
observing the behaviour of animals in their natural
environment, past field studies most often used remote
sampling methods and have thus focused on the spa-
tial distribution of scents in the environment. As scats
tend to be more conspicuous than glandular secre-
tions, the majority of studies are therefore biased
toward the distribution of faecal samples and latrines
(see Macdonald, 1980). Traditionally, the distribution
of latrines and their placement in the environment
have therefore been mostly investigated in the context
of territorial demarcation (Gorman, 1984; e.g. hyenas:
Gorman & Mills, 1984; Boydston et al., 2001; Ethiopian
wolf: Sillero-Zubiri & Macdonald, 1998). Increasingly,
however, studies also relate latrines to other resources
(especially food, but also denning sites) and environ-
mental landmarks (Gorman & Trowbridge, 1989). For
example, latrines may be used to aid spatial memory in
order to optimize foraging efficiency (e.g. Eurasian
otter: Kruuk, 1992; Remonti et al., 2011; Almeida
et al., 2012); to stake a claim on access to temporally
variable resources (e.g. greater hog badger: Zhou et al.,
2015a), especially by females to raise young (Gosling,

| | e

VIOLATORS
WILL BE SHOT
SURVIVORS
WILL BE SHOT
AGAIN

A Ll

1986; Mertl-Millhollen, 2006); or to signal the local
depletion of resources sensu the Foraging Book-
Keeping Hypothesis (e.g. red fox: Henry, 1977; greater
hog badger: Zhou et al., 2015b).

However, this historical reliance on the spatial
distribution of latrines in assessments of their
function(s) (and that of scent-marking, more gener-
ally) can be problematic. Firstly, the location of
scent-marks does not automatically indicate func-
tion, as the scent-marking strategy adopted by a spe-
cies will be affected by economic constraints.
Therefore, in actuality, only individuals with small
home ranges, or groups with a large number of indi-
viduals, may be able to produce enough scent/faeces
to demarcate their territorial boundaries effectively
(Macdonald, 1980; Gorman & Mills, 1984; Gorman,
1990; Stewart et al., 2001). While the location of
scent-marks may provide important clues as to the
intended recipients of the signal (Gosling & Roberts,
2001), the spatial location of scents within the envi-
ronment may be relatively unimportant (Gosling,
1982). Secondly, when making functional interpre-
tations based on the location of scent-marks alone,
the signal content is commonly ignored. Figure 7.1
highlights the fallacy of assigning a function based

t{ NATIONAL PARK |

Welcome to

Mweya

Figure 7.1 Two signals located on land borders with quite different meanings. While both might be interpreted as
territorial signals based on their location alone, information on signal content indicates that only the left one is

strictly territorial. The sign on the right, while advertising ownership, actively welcomes individuals. Without knowledge
of the signal’s information content, the spatial distribution alone does not reliably indicate its function.

Source: Photos © Neil R.Jordan.

85U0|7 SUOWIWOD 8A 281D 3|l (dde auy Aq pauseno aJe Sajoie VO ‘8sn Jo e 10} Akeid 8UlUQO AS[IAA UO (SUORIPUCO-pUe-SWLBI/LIY" AB 1M ARl 1 [pUl|UO//SANY) SUOTIPUOD pue swie | 8y 89S *[£202/2T/.z] uo Ariqiauljuo As|im ‘AisieAlun axeis opelojoD Aq /iop/woo A Akeiqijeujuoy/sdny woly pepeojumod



entirely on the spatial distribution of signals.
Without knowledge of their information content,
functional interpretations of latrines on the basis of
their location are over-ambitious. Thus, functional
investigations of latrines are most likely to succeed
where they take into account not only latrine spatial
distribution, but also additional sources of data.

Temporal Variation of Latrine Use

Few studies other than those on our focal species (see
below) concentrate solely on variations in temporal
patterns of latrine use, but there are some that incor-
porate a time component into spatial distribution sur-
veys. Most of these studies relate to elevated latrine
use in the mating season (e.g. common genet:
Barrientos, 2006) and are described above. Thus, the
mere presence and activity level of latrine sites
could signal sexual receptivity (Buesching &
Macdonald, 2001). Other studies relate latrine use to
seasonality in food resources (e.g. European badger:
Pigozzi, 1990; greater hog badger: Zhou et al., 2015a,b),
while some report seasonal variation of latrine usage
patterns in different habitat types (e.g. Almeida et al.,
2012). Many species (e.g. greater hog badger: Zhou
et al., 2015b) scent-mark most when resources are
either scarce or energetically expensive to acquire
(such as earthworms or insect larvae that need to be
dug out from the ground), and least when food is most
abundant or easily available (such as ripe fruit on the
ground). Importantly, temporal patterns of use may
also depend on the spatial location of latrines. For
example, while spotted-tailed quoll latrines in drain-
age lines contained more faeces during the mating sea-
son, outcrop latrines were most utilized when females
were nursing young (Ruibal et al., 2011). This interac-
tion between spatial and temporal factors in latrine
use emphasizes the importance of considering data
from multiple categories.

The paucity of data on temporal patterns of latrine
use relative to spatial distribution data, however, may
be explained at least partly by the intractability of
many species and populations. Nevertheless, increas-
ingly smaller high-resolution GPS collars will become
invaluable in determining temporal patterns of latrine
use in small carnivores that are difficult to track with
conventional VHF transmitters.

Which Parameters Are Important in the Study of Latrines?

Inter-Individual Differences in Latrine Use

Individual behaviour associated with latrine use is dif-
ficult to study and requires not only comprehensive
mapping of all latrines within an individual/group ter-
ritory, but also reliable tracking and observational data
for each individual within the territory/group. Given
the widespread use of latrines among the Carnivora,
relatively little is known about individual-specific
behaviour at these sites. In this context, the use of
camera-traps opens new avenues to record data on the
behaviour of individual animals at latrines. This tech-
nology may be particularly applicable for species with
individually distinctive pelages, or where individuals
can be marked. Additionally, genetic analysis of faeces
deposited at latrine sites could be used to determine
the sex or identity of individuals using latrines (e.g.
Ruibal et al., 2011). However, not all individuals
visiting latrines actively deposit faeces at these sites,
and genetic analyses alone are therefore likely to
underestimate the communicatory importance of
latrine sites.

Olfactory Information Content of Latrines

Although latrines serve as olfactory signal stations, the
specific information content available to conspecifics
at composite latrines has not been decoded completely
for any species. Nevertheless, it has been shown that
faecal deposits as well as urine can contain informa-
tion about the reproductive status, age, and domi-
nance status of the marking individual (review in
Brown & Macdonald, 1985). In addition to their anal
glands described above, some carnivore species pos-
sess specialized skin glands (e.g. subcaudal gland of
Eurasian badgers Meles spp. and hog badgers Arctonyx
spp.; genel glands of felids) or scratch-mark latrine
sites with their claws, probably depositing secretions
from their inter-digital glands in the process (e.g. lions
and tigers, Panthera tigris: Barja & de Miguel, 2010).
The olfactory information potentially encoded in these
scent types, however, remains largely unresolved, with
the exception of the subcaudal gland secretion of
European badgers (see below).

As scent-signals degrade over time, scent-marks
may also contain information about the approximate
time the animal marked/visited the area, and can thus
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be used as a signal advertising where an individual can
be found in space and time. In the context of resource
defence, this degradation can be a disadvantage for the
signaller as it has to invest time and energy into
reinforcing its marks regularly to assert its continued
ownership of the resource(s). For the receiver (e.g. the
potential intruder into a territory), on the other hand,
this time stamp is a definite advantage as it can use
this information to judge the risk associated with its
‘invasion’ (e.g. scent-marks are old, so the territory
owner is likely not in this area; or scent-marks are not
enforced regularly, so the owner is ‘weak’) and thus
aid in decision-making (e.g. in the foraging context;
Zhou et al., 2015a,b).

In the context of reproductive advertisement, on the
other hand, information about the age of the scent-
mark is beneficial to both males and females. For
example, an oestrous female might scent-mark to
attract mating partners, but if males keep trying to find
and mate with her after her oestrus passed or she has
been mated, both parties would expend time and
energy unnecessarily from the outdated information.
Information on reproductive status (e.g. grey wolf:
Raymer et al., 1986) and sex (e.g. steppe polecat and
Siberian weasel: Zhang et al., 2003) is available in
scents. Many species that use latrines have evolved the
ability to determine both reproductive status and sex
from scents (e.g. aardwolf: Sliwa & Richardson, 1998).

Unfortunately, for many species, the data available
often belong to only one or two of the categories listed
above. As a consequence, the interpretation of latrine
function in such species is based on limited data and
might thus have to be revised if and when data belong-
ing to a different category become available. To test
and/or eliminate conclusively any of the specific
hypotheses on the function of latrines, however, is
possible only if comprehensive data belonging to sev-
eral of the categories listed in this section are available.
In the remainder of this review, we will therefore con-
centrate on three species as models (European badger,
meerkat, and banded mongoose), for which we have
detailed data for at least three of the four categories
above, to evaluate the hypotheses on the function of
latrines outlined in Table 7.2. We will review the differ-
ent techniques used to collect these data, discuss the
limitations of spatial data alone, and highlight the
value of a combined approach.

Case Studies on Badgers
and Mongooses

The European Badger

The latrine system of European badgers has been stud-
ied extensively since the 1970s (Kruuk, 1978). Badgers
deposit their faeces in shallow pits (~10-20cm in
diameter and ~5-30cm in depth), of which several
hundred can be aggregated in the same latrine cover-
ing up to 400 m? (Tuyttens et al., 2001). Latrines are
most active in spring, coinciding with a peak in mating
activity as well as the cub-rearing season (see Roper,
2010). Each pit can contain one or several faeces (up to
several hundred: Stewart et al., 2001) as well as urine
and anal gland secretion (Buesching & Macdonald,
2001). In addition, badgers have a specialized skin
gland, the subcaudal gland, which they use for squat-
marking latrines alongside other objects (Buesching &
Macdonald, 2004) and conspecifics (allo-marking:
Buesching et al., 2003).

Bait-marking is employed to study latrine use in
badgers (Delahay et al., 2000). In this technique, pea-
nuts and treacle are mixed with different coloured
indigestible plastic beads (Figure 7.2). If each social
group is fed with a different colour, subsequent sur-
veys can thus reveal group- or sett-specific latrine use
patterns (see maps in Figure 7.3).

As a variant of this technique, some studies used
feeders designed to bait individuals (Stewart et al.,
2001; Kilshaw et al., 2009) and thus determine

Figure 7.2 Bait-marking mixture for European badgers,
Meles meles. Source: Photos © Christina D. Buesching.
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Figure 7.3 Map of Wytham Woods (Oxfordshire, UK) depicting (a) bait returns after bait-marking (i.e. feeding different
coloured plastic beads to each social group) and (b) latrines (circles) visited by each social group of European badgers
resident at different main setts (squares).
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inter-individual variation in latrine use. Bait-marking
reveals two types of badger latrines: hinterland
latrines, which are situated in the interior of the
group range and are used exclusively by members of
the resident social group, and border latrines, which
are situated along the perimeter of the group range
and frequented by members of all neighbouring
groups sharing this border (see review in Roper,
2010). In addition, individual bait-marking evidences
that hinterland latrines are used predominantly by
females and cubs, whereas males defecate almost
exclusively in border latrines (Stewart et al., 2001;
Kilshaw et al., 2009; Roper, 2010). Furthermore, indi-
viduals appear to frequent the same latrines, and
thus mark the same stretch of border, irrespective of
their current feeding activity (Kilshaw et al., 2009).
Border latrines are situated along well-travelled paths
encircling the group range, which are most obvious
close to the sett (i.e. the social group’s burrow sys-
tem), but become inconspicuous or disappear alto-
gether in feeding areas (e.g. Loureiro et al., 2007; C.D.
Buesching & C. Newman, unpublished data). If plot-
ted on a map, all latrines are spaced regularly, but are
situated closer together in the vicinity of the sett
(Roper et al., 1986; Buesching et al., 2016), often tak-
ing advantage of conspicuous landmarks (e.g. big
trees, ditch crossing, road crossing, fence lines: Roper
et al., 1986; Stewart et al., 2002).

Video observations show that badgers investigate
latrines frequently and intensively by sniffing
(Stewart et al., 2002). In scent-playback experiments,
faeces (Palphramand & White, 2007) as well as anal
gland (Tinnesand et al., 2015) and subcaudal gland
secretions (Buesching & Macdonald, 2004;
Palphramand & White, 2007) from strangers pre-
sented at the sett or at border latrines elicit signifi-
cantly stronger investigative behaviour and
overmarking (where a scent is placed on top of an
existing mark) than samples from own-group mem-
bers or neighbours. Neighbour samples presented at
unexpected locations (e.g. at an unshared border
latrine) elicit stronger responses than samples pre-
sented in an expected context (e.g. at a shared border
latrine between the two neighbouring group ranges:
Tinnesand et al., 2015; Figure 7.4). Samples from
females in oestrus, however, elicit a strong response
from all adult males (Tinnesand et al., 2015).

Figure 7.4 European badger with an individually
recognizable fur-clip mark defecating and sniffing the
ground in response to a transposed anal gland secretion
sample from a stranger at a latrine (remote camera set to
provide time stamp and picture number on each photo).
Source: Photos © Helga Veronica Tinnesand.

In chemical analyses using gas chromatography-
mass spectrometry (GCMS) analyses, anal- and sub-
caudal gland secretions have been shown to encode
group membership as well as individuality, and to vary
with sex, reproductive status, age, and other fitness-
related parameters (Buesching et al., 2002a,b,c;
Tinnesand et al., 2015; Noonan et al., 2019). The
behaviour observed in scent presentation experiments
confirms that the differences in the chemical composi-
tion of anal- and subcaudal gland profiles are indeed
biologically relevant and can be decoded by badgers.
In addition, subcaudal gland secretions also decay
according to a specific pattern, thus encoding a time
component about the age of the scent-mark (Buesching
et al., 2002¢).

The above-mentioned studies pertaining to aspects
of latrine location, usage patterns, and information
content have led different authors to interpret their
function in different ways, which we will review and
discuss here.

Territoriality

Traditionally, badgers have been considered to be
mostly territorial (see review in Roper, 2010) and thus
many authors interpret their latrine marking system
in this context. Border latrines would form a ‘first line
of defence’ with hinterland latrines marking the inte-
rior of the territory (Roper et al., 1986). The regular
distribution pattern of both latrine types would serve
to increase chances that intruders happen across one
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or several of these scent-marks to enable them to rec-
ognize the territory owner(s) through scent-matching
(sensu Gosling, 1982). In support of this hypothesis
(Macdonald, 1980), the use of border latrines in badg-
ers is evident mostly in high-density populations, such
as described for parts of England (e.g. Gloucestershire:
Delahay et al., 2000; Oxfordshire: Macdonald et al.,
2008), whereas in mainland Europe, badgers occur at
much lower densities, do not form large social groups
(Rosalino et al., 2004; Do Linh San et al., 2007a,b), and
their latrines are mainly located in the territory hinter-
land (Pigozzi, 1990; for a review, see Roper, 2010). In
addition, the behavioural reactions of resident badgers
to translocated faecal, anal- and subcaudal gland sam-
ples observed in scent-playback experiments indicate
that badgers show a degree of socio-spatial awareness,
conforming to the Dear Enemy Phenomenon (DEP;
Fisher, 1954), which predicts that territorial species
should get used to the scent of their neighbours, but
react more strongly to the scent of unfamiliar (i.e.
potentially dispersing) individuals. As badgers also
react more strongly to neighbour scent provided at
unshared compared to shared borders (Palphramand
& White, 2007; Tinnesand et al., 2015), they appear to
moderate their response according to the perceived
level of threat of the supposed marker (Threat-Level
Hypothesis: Temeles, 1994).

Food

Territoriality in badgers is traditionally explained on
the basis of the patchy distribution of their main food
sources (Resource Dispersion Hypothesis; for a review,
see Macdonald & Johnson, 2015). The observation that
badgers tend to deposit faeces in latrines immediately
prior, during, and after feeding bouts (e.g. Pigozzi,
1992), Kruuk (1992; see also Stewart et al., 2001) sug-
gests that faeces volume at latrine sites effectively sig-
nal resource depletion, and maximize foraging
efficiency for all group members including the marker
(sensu the Foraging Book-Keeping Hypothesis: Henry,
1977). Stewart et al. (1997) suggested that latrines
might be situated along the food isopleth (i.e. the line
of highest food abundance) between badger setts, after
which foraging becomes less profitable. However, as
badgers are likely to be important seed dispersers of
their food plants (Pigozzi, 1992), the existence of food
isopleths along latrine-marked borders could also be a

Case Studies on Badgers and Mongooses

direct result of their scent-marking habits due to the
increased growth of food plants in faecal deposits.
Furthermore, faeces volume and consistency are likely
to be honest signals of the type and richness of
resources exploited (Buesching & Macdonald, 2001) as
they vary considerably in appearance and consistency
according to diet (Kruuk, 1989).

Contradicting this hypothesis, however, is the fact
that latrines are scarce or absent in feeding areas
(Roper et al., 1986). Their function in food defence
is, therefore, unlikely. Furthermore, the sometimes
severe bite-wounds observed in high-density popu-
lations, which are explained by some authors as a
result of active territorial disputes, do not coincide
with peaks in food competition (Delahay et al.,
2006). There is also no evidence of dominance hier-
archy at feeding sites, either within or between
groups, and actual fights are generally avoided
(Macdonald et al., 2002).

Dens

Good setts as breeding and resting sites are an impor-
tant resource to badgers (e.g. Kaneko et al., 2010) and
suitable sett sites can be alimiting resource (Macdonald
et al.,2004). Male badgers are thought to have a greater
investment in defending breeding setts than do females
(Roper, 1992) and this suggestion is supported by
Stewart et al.’s (1999) finding that males of higher sta-
tus (i.e. large, mature, frequently copulating individu-
als) put more effort into sett maintenance, such as
digging and enlargement, than do females or males of
lower status. These observations have led to the sug-
gestion that investment in setts might encourage
breeding females to forgo dispersal and/or benefit the
survivorship of sired litters (Stewart et al., 1999;
Kaneko et al., 2010). The observation that latrines are
situated closer together in the vicinity of the sett, pos-
sibly increasing the chances for intruders to happen
across them (Roper et al., 1986; Buesching et al., 2016),
supports this hypothesis. Frequent object marking, as
well as the use of sett latrines by pregnant females dur-
ing the breeding season, further indicates a potential
role of latrines in advertising a commitment to defend
sleeping or breeding sites (see Buesching & Macdonald,
2004). Nevertheless, trapping records indicate that,
although long-term dispersal is rare in high-density
populations, overnight visits and short-term excursions
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to other setts are frequent (Macdonald et al., 2008),
contradicting the hypothesis that setts are a latrine-
defended resource.

Mates

Sex- and seasonal-biased differences in the use of
boundary latrines by European badgers are interpreted
as partially demonstrating that they function in mate
defence. This is done by deterring males from entering
occupied territories for mating purposes (Roper et al.,
1993; Stewart et al., 2002). Territorial defence in badg-
ers, in the form of overt aggression and latrine use,
shows a seasonal peak in early spring, which coincides
with peak mating activity (Neal, 1977; Kruuk, 1978;
Roper et al., 1986; Buesching & Macdonald, 2004) and
there is evidence for olfactory mate-guarding
(Buesching et al., 2003).

In addition, badgers have a promiscuous mating sys-
tem (Dugdale et al., 2011), and extra-group paternity is
common (Carpenter et al., 2005; Dugdale et al., 2007;
Annavi et al., 2014), while intra- (as well as inter-) sex-
ual aggression during the mating season is low, which
does not correlate with peaks in bite-wounding
(Delahay et al., 2006). The strength of any correlation
between latrine use and mate defence is not known
either (Roper et al., 1986).

Information Centre

While olfactory communication can be unrelated to
territoriality, the territorial affiliation of the depositor
may nonetheless be inferred from the location of the
mark. Anal- and sub-caudal gland secretions depos-
ited at latrines have been shown to contain individual-
and group-specific information related to the fitness of
the marking individual (Gorman et al., 1984; Davies
et al., 1988; Buesching et al., 2002a,b,c; Tinnesand
et al., 2015). As latrines are sited preferentially in areas
of high badger activity (i.e. in the vicinity of the sett),
rather than evenly around the territory circumference,
and they can encompass several hundred faeces (see
above) and are obvious and easily detectable, the
chances that conspecifics happen across them are
maximized. Thus, they are ideally suited not only as
centres for information exchange between members
of the same, and of neighbouring social groups
(Buesching & Macdonald, 2004), but also as ‘notes to
self’. Badgers are known to spend a lot of time in the

vicinity of latrines (Tinnesand et al., 2015), sniffing
faecal deposits from conspecifics (Stewart et al., 2002;
Palphramand & White, 2007) as well as glandular
scent-marks (Buesching & Macdonald, 2004;
Tinnesand et al., 2015). Overmarking of scent-marks,
particularly from unfamiliar or reproductively active
individuals (Kruuk et al., 1984; Buesching &
Macdonald, 2004), but also of faeces (Delahay et al.,
2000) is frequent. Behavioural experiments (Bodin
et al., 2006; Tinnesand et al., 2015) showed that badg-
ers have relatively high levels of socio-spatial aware-
ness and use olfactory cues to aid in navigation.

Parasites

Badgers are host to a variety of gut parasites, which
can be transmitted through faecal sniffing or inges-
tion. In Oxfordshire, coccidiosis infection, leading to
impaired growth and increased mortality, is prevalent
in 100% of cubs under the age of about seven months,
while the greater-than-expected prevalence of co-
infection with Eimeria melis and Isospora melis is con-
sistent with a common source of infection, such as
communal latrines (Anwar et al., 2000; Newman et al.,
2001). In Portugal, over 62% of faecal samples are
infected with one or several parasitic helminth spe-
cies, which are most likely transmitted at latrines
(Rosalino et al., 2006). In the UK, badgers are impli-
cated in the spread of bovine tuberculosis (see review
in Carter et al., 2007). Their socio-spatial organization
and the distribution of their setts — and especially
latrines - are likely to increase transmission rates and
thus facilitate the intra-specific spread of this disease
(Bohm et al., 2008). As badgers sniff latrines (includ-
ing faeces) intensively, often using their vomeronasal
organ and/or licking faecal matter (Stewart et al., 2002;
Tinnesand et al., 2015), the hypothesis that latrine use
in badgers could reduce the spread of parasites and/or
diseases is unlikely.

Conclusion

In conclusion, as more data from fine-scale movement
analyses, often achieved with modern technology
(e.g. from proximity loggers and/or GPS collars;
Drewe et al., 2012; Noonan et al., 2014, 2015), become
available, evidence is mounting that latrine lines do
not represent strict ‘keep out’ signs akin to scent
fences, but that badgers can cross these lines freely,
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thus trespassing into each other’s territories as well
as setts (Macdonald et al., 2008). While a singular,
independent function of latrines appears impossible
to determine, and influential components of the
complete function appear to vary in their relative
significance in context, a purely defensive function of
latrines in badgers, as traditionally assumed, seems
increasingly unlikely as it fails to fully take into
account the olfactory information content conveyed
by latrines. Because badger latrines are situated along
well-travelled paths from the sett to the boundary
and along the boundary to major feeding areas (e.g.
pastures with an abundance of earthworms), the
accumulation of faeces in these latrines could result
from badgers spending more time in these areas, and
would also increase their likelihood of detection.
Particularly, as latrines are often placed at conspicu-
ous landmarks, a role in orientation (Benhamou,
1989), either as a note to self or to others, appears
likely (Buesching & Macdonald, 2001).

The Meerkat

In meerkats, latrines are defined as containing at
least two faeces within 1m of each other, although
typically 100 or more faeces occur in an area of
0.5-6m> Faeces are usually deposited in specially
dug pits which are ~3cm in diameter and ~1-4cm in
depth (Jordan et al., 2007) and latrines are most
active during the peak breeding season (Jordan et al.,
2007). Each pit can contain one or several faeces, as
well as urine. The surrounding bushes and short veg-
etation can be marked with anal gland secretions
(Jordan et al., 2007), especially by the dominant male
of each group (Jordan et al., 2007). In addition to
latrine-marking, meerkats use their anal glands
to mark conspecifics within their own group, particu-
larly during inter-group encounters (i.e. allo-marking:
Buesching et al., 2003; Jordan, 2005).

Although latrine use by wild meerkat groups has
been studied year-round, our knowledge of their spatial
context is limited (e.g. Jordan et al., 2007). While meer-
kats are distributed over much of the arid part of south-
ern Africa, their scent-marking behaviour has only
been studied in detail in one area of recovering ranch-
land in the Northern Cape of South Africa’s southern
Kalahari Desert (Jordan, 2007; Jordan et al., 2007).

Case Studies on Badgers and Mongooses

In this environment, meerkats deposit faeces on the
surface and in shallow pits which they excavate them-
selves, and of which many tens can be aggregated in
the same latrine. Latrine sites are located significantly
closer to refuges (bolt-holes) than to random points
within their ranges, and are associated with vegetation
that may provide a protective function, and which
likely increases the longevity of any signals contained
within (Jordan et al., 2007). Each group of meerkats
usually shares one latrine with each of their known
neighbouring groups, which probably allows efficient
inter-group monitoring of surrounding land tenure,
probably via faeces-matching as described in badgers
(Stewart et al., 2001). The remaining latrines, however,
are concentrated primarily in territorial core regions
comparable to hinterland latrines in badgers (Jordan
et al., 2007).

While bait-marking has been employed to study
latrine use in badgers, meerkat scent research has
relied on direct observations to determine broad-scale
spatial distribution, temporal visit patterns and to
investigate inter-individual variation in latrine use
(Figure 7.5). This approach has shown that meerkats
investigate latrines frequently and that they are more
likely to overmark scent-marks deposited by opposite-
sex than same-sex individuals (Jordan, 2007).

Chemical analyses of the main constituent of meer-
kat latrines - faeces — have yet to be undertaken, but

Figure 7.5  An individually marked and recognizable
meerkat, Suricata suricatta, defecating in a pit at a latrine site.
Wooden skewers were added by researchers to demarcate the
locations of known faeces. Source: Photos © Neil R.Jordan.
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GCMS analyses on meerkat anal gland secretions have
shown that the chemical composition varies by social
status (Fenkes, 2011). Since only dominant males rou-
tinely contribute anal gland secretions during latrine
visits, the chemical composition of these scents is of
most direct importance in this context. As in badgers,
analyses suggest that anal gland secretions contain
information encoding group membership, sex, repro-
ductive status, age, and perhaps individuality (Fenkes,
2011). No research has yet been conducted on meerkat
scent decay/longevity. We will now review the possible
function of latrines in regard to the following six
resources/hypotheses.

Territoriality

Meerkat groups with known overlapping home ranges
share at least one latrine with their neighbours (Jordan
et al., 2007) and thus the spatial and temporal distribu-
tion of their latrines are highly likely to play a role in
inter-group communication. Despite the fact that
latrines are no more likely to be placed in border
regions vs. core areas of the home ranges, Jordan et al.
(2007) concluded that latrines may play a role in terri-
tory defence. As described above within the Hyaenidae
(Gorman & Mills, 1984), this is because in species
where home ranges have long borders and animals
travel as a group, it is not economical to effectively
delineate the entire border. Intruders, therefore, are
likely to slip through the olfactory net. By placing
scents in the vicinity of particular landscape features,
like refuge holes and vegetation cover, between which
intruding meerkats often commute (Jordan et al.,
2007) and probably know the location of (Manser &
Bell, 2004), resident groups likely maximize the likeli-
hood of intruders encountering their scent. Through
the mechanism of scent-matching (Gosling & McKay,
1990), intruders may be able to match the scent of resi-
dents with any meerkats they encounter in the area,
which establishes a mismatch in the subsequent
potential benefits of conflicts, since residents have
invested more in defending the area and, as a result,
have more to lose than intruders have to gain (sensu
scent-matching: Gosling, 1982). Thus, both the broad
and the localized distribution patterns of meerkat
latrines might have evolved to increase the chances
that intruders encounter the scents of territory
owner(s), and a non-boundary-biased distribution

may not necessarily be indicative of the target
receiver(s) being from within the group or resident
within the territory.

Food

Unfortunately, latrine distribution has not yet been
investigated in relation to food abundance and utiliza-
tion in meerkats. However, the seasonal patterns of
latrine use may be correlated positively with the abun-
dance of food. Latrine visit is highest in the breeding
season (October-April; Jordan et al., 2007) which
coincides with increased food abundance, suggesting
that latrine use is not related to the defence of food.
The fact that latrine visit rates correlate with encoun-
ters with intruding males (see below) further suggests
that this seasonal effect is more likely to be attributa-
ble to mate defence rather than food defence. Although
the possibility exists for latrine use to play a role in
communicating the depletion of food sources, this
hypothesis has neither been tested explicitly for meer-
kats nor is it suggested or suspected here.

Dens

It has been suggested, though not empirically shown,
that dominant meerkats scent-mark mostly around
the communal dens and bolt-holes in a group’s terri-
tory (Fenkes, 2011). However, it does not seem that
these scent-marks, or latrines, are very effective in den
site defence. Indeed, during the breeding season, pros-
pecting male meerkats sometimes remain at the den
of the group they have been following until late in the
evening, and creep down a nearby bolt-hole to begin
their foray again the next morning (N.R. Jordan, per-
sonal observation).

In addition to burrows used as breeding den sites,
meerkats overnight in underground burrows, and for-
age in the vicinity of bolt-holes, and residents appar-
ently know the location of the closest one throughout
their range (Manser & Bell, 2004). Clearly, bolt-holes
are an important resource throughout meerkat territo-
ries, and so the selective position of latrines close to
these features (Jordan et al., 2007) may play a role in
their defence or advertising their presence. However,
Manser & Bell (2004) covered bolt-holes with rubber
car floormats and placed olfactory cues at sites where
no bolt-hole existed before. Upon playback of meerkat
alarm calls through a loudspeaker, the meerkats ran to
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the covered sites and ignored the scents, suggesting
that scents were not used to signal the location of the
bolt-holes (Manser & Bell, 2004). Selective positioning
of latrines close to bolt-holes may, therefore, be
explained through maximizing the chance of inter-
cepting intruders, since other meerkats will also use
bolt-holes as they move through the environment. As
the use of bolt-holes is ephemeral, they are unlikely to
warrant defence. An intruding meerkat that places a
higher priority on land tenure than escape at the
approach of a predator is unlikely to pass these priori-
ties on to future generations. Again, it must be borne
in mind that any selective positioning of latrines in
regard to these features may also be the result of the
meerkats’ own selective positioning in the vicinity of
these features. As in any species, if meerkats scent-
mark at similar rates regardless of their location,
scent-marks will accumulate in the vicinity of features
where they spend most of their time. This may seem
an obvious point, but it is surprising how infrequently
it is considered.

Mates

Seasonal differences in meerkat latrine use, and the
location of latrines in the environment, is suggestive
of a role in mate defence. Although latrine use by
meerkats did not increase when resident females were

Figure 7.6  Controlled scent presentation
to wild meerkats. Direct presentations of
this nature are rarely possible with wild
animals, but ingenuity and technology
(e.g. camera-traps) could be utilized to a
greater extent in less amenable species.
Source: Photos © Krystyna A. Golabek.

Case Studies on Badgers and Mongooses

sexually receptive, visits were significantly more likely
during the peak breeding period, and occurred at sig-
nificantly greater rates during observation periods
when intruding/prospecting males were encountered
(Jordan et al., 2007). Interestingly, however, in translo-
cation experiments of faeces from other groups (Figure
7.6), dominant males spent less time inspecting the
samples when the resident dominant female was in
oestrus than when she was pregnant, and only coun-
termarked when the dominant female was pregnant
(Mares et al., 2011). Additionally, subordinate females
have been described as increasing their anal-marking
frequencies during inter-group interactions, when
foreign-group individuals are in close vicinity (Fenkes,
2011). The spatial distribution patterns of latrines may
also be argued to play a role in this regard, as threats to
breeding occur from outside the range in the form of
prospecting males (Young et al., 2007; Spong et al.,
2008). As noted by Young et al. (2007), male meerkats
from neighbouring groups frequently approach resi-
dent groups, but, due to high levels of reproductive
skew, the potential fitness costs and benefits of deter-
ring these males vary according to the sex and breed-
ing status of residents. Although all individual
meerkats in a pack visited latrines for similar dura-
tions, latrine scent-mark composition at the end of
each visit was highly male-biased (Jordan, 2007).
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Male meerkat behaviour supported a mate-defence
function, as males scent-marked at significantly higher
rates than females and preferentially overmarked
female scent-marks (Jordan, 2007). Intruding pros-
pecting males represent a real threat to a resident
male’s reproductive success (Spong et al., 2008). As
such, a mate-defence strategy in meerkats may look
very similar to a territory-defence strategy. Insofar as
representing an economical approach to communicat-
ing with intruders, the spatial distribution of meerkat
latrines may also support a mate-defence function. On
a more local scale, the selective positioning of latrines
close to bolt-holes is also likely to be an effective strat-
egy for intercepting intruding reproductive rivals
(prospecting males), which move through the range
from bolt-hole to bolt-hole. Meerkats are also able to
discriminate between resident and intruding male
scent-marks, and dominant males have the strongest
overall response to intruder scent-marks (Mares et al.,
2011). That this response does not increase with
female receptiveness might be explained by the impor-
tance of maintaining control of a territory (and the
breeding opportunities within it) year round. Thus,
Mares et al. (2011) expand to suggest that although all
group members may be affected by the presence of
intruders, reproductive conflict may be the main rea-
son for the stronger response of dominant males to
extra-group male scent-marks.

In contrast to males, competition between female
meerkats is most intense within the group and females
invested heavily in scent-mark investigation, but did
not selectively overmark existing scent-marks of either
sex (Jordan, 2007). Monitoring of other females, par-
ticularly their reproductive status, may therefore be an
important function of latrine visits for females.
Importantly, rather than cooperatively contributing to
territorial defence, individuals appear to participate
selfishly at latrine sites, with ultimate explanations for
scent-marking potentially being related to both the sex
and breeding status of group members. This is likely to
be true in most, if not all, species.

Information Centre

While Jordan (2005) found no evidence of kin discrim-
ination of translocated faeces from equally familiar
individuals, Le Claire et al. (2013) translocated anal
gland secretions instead, and found that females spent

more time investigating scents from unfamiliar related
individuals than unfamiliar unrelated individuals.
This suggests that females may use a phenotype-
matching mechanism (or recognition alleles) to dis-
criminate kinship on the basis of odour. Repeated
investigation of scents at latrine sites might thus aid in
reinforcement of such olfactory templates. Fenkes
(2011) compared the chemical qualities of anal gland
secretions from four mongoose species, including
meerkats and banded mongooses, and found species-
specific patterns related to social complexity. The
highly gregarious meerkats and banded mongooses
produced scents with significantly higher chemical
diversity than those of the solitary slender mongooses,
Galerella sanguinea, and socially flexible yellow mon-
gooses, and thus appear to be adapted for encoding
more complex chemical messages (Fenkes, 2011). As
all of the above mongoose species are territorial, the
additional olfactory complexity of anal gland secre-
tions in group-living species suggests multiple signal-
ling functions unrelated to territory defence.

Parasites

Like European badgers, meerkats spend much of their
time at latrine sites sniffing faeces and other deposits
(Jordan, 2007). While the concentration of faecal matter
away from feeding sites may reduce the likelihood of
parasite intake in those areas, the fact that groups
repeatedly return to latrines results in their exposure to
parasites and other sources of infection in these loca-
tions. Additionally, since multiple packs share latrines,
transmission of parasites and disease (e.g. tuberculosis;
Drewe, 2010) is likely increased by latrine use, although
this has not yet been investigated empirically.

Conclusion

Overall, meerkat latrines appear to play a primary
role in both territoriality per se, and in intrasexual
competition, predominantly as communicative sig-
nals to reproductive rivals from outside of the
resident pack.

The Banded Mongoose

Latrines of banded mongooses are scent-marking sites
that contain clusters of faeces, generally >4 faeces
within ~2m?, and frequently include many tens of
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Figure 7.7 Defecation by a subadult male banded
mongoose, Mungos mungo. Source: Photos © Emmanuel
Do Linh San.

faeces at any one time. Such latrines almost always
lack pits, and faeces are instead spread around on the
surface (Figure 7.7).

Scent-marking behaviour has been investigated in
wild banded mongooses using a combination of
behavioural observations, experimental presentations,
and chemical analyses. Scent (as opposed to latrines
specifically) appears to be involved in intrasexual com-
petition in this species, both within and between packs
(e.g. Miiller & Manser, 2008; Jordan et al., 2011a).
Packs encounter latrines at higher densities in over-
lapping versus exclusive areas of their home ranges,
although deposition of four types of scent (anal gland
secretion, urine, faeces, and cheek gland secretion)
and investigation of scents in latrines is similar in
overlapping versus exclusive areas (Jordan et al.,
2010). However, despite sharing latrine sites with
neighbouring packs, banded mongooses do not dis-
criminate between individuals from groups of equal
familiarity on the basis of anal gland secretions, urine,
or faeces (Jordan et al., 2010). In fact, Jordan et al.
(2010) suggest that banded mongoose scent-marking
is primarily involved in communicating within social
groups, a pattern which, somewhat counter-intuitively,
still reflects the importance of scent in the acquisition
and defence of mates. This is because, in contrast to
most other territorial systems, including that of meer-
kats, reproductive competition is most intense within
and not between banded mongoose packs (Miiller &
Manser, 2008).

Case Studies on Badgers and Mongooses

Here we will review the possible function of banded
mongoose latrines in regard to the five following
resources/hypotheses.

Territoriality

Banded mongooses are territorial with interactions
between packs described as occurring around territory
boundaries (Cant et al., 2002; Jordan et al., 2010).
These encounters are typically extremely hostile, and
frequently lead to severe injury, with between 8%
(Jordan et al., 2010) and 24% (Miiller & Manser, 2007)
of known adult mortality reported from inter-pack
fights. Despite the importance of territoriality to
banded mongooses, scent-marks are deposited non-
selectively throughout the home range, but are
encountered more frequently in regions that overlap
with the home ranges of other groups. As groups gen-
erally scent-mark at similar rates in overlapping and
exclusive regions, the increased density of scent-marks
in overlapping regions may simply be explained by
multiple groups using these regions, and is thus not
likely to be a result of selective positioning in these
areas (Jordan et al., 2010).

Despite the inter-pack overlap in latrine use, chemi-
cal analyses of several hundred anal gland secretions
failed to elucidate a group-specific ‘signature’ (Jordan
et al., 2010); a result which is backed up by the experi-
mental presentation of single anal gland samples from
different groups of equal familiarity which recipients
failed to discriminate between (Jordan et al., 2010). In
simulated latrine sites, however, where six or seven
scats or urine were translocated from one pack and
presented to another, the intensity of the response of
the recipient pack depended on whether the donor
pack was a neighbour or non-neighbour (Miiller &
Manser, 2008). In contrast to work on badgers support-
ing the Dear Enemy Phenomenon as described above,
banded mongoose packs respond more intensively
(i.e. through more inspections and vocalizations) to
the scents of their neighbours than to non-neighbours,
and, therefore, support the Threat-Level Hypothesis
(Miiller & Manser, 2007). While these experimental
results suggest a role for latrines in inter-pack commu-
nication, the mechanism of discrimination or recogni-
tion in the absence of a pack-specific signature remains
unknown. However, it must be borne in mind that
chemical analyses of urine and faeces were not
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conducted, and one or both of these scent types
may contain information sufficient to distinguish
packs by scent.

Food

Neighbouring banded mongoose packs compete over
access to food, with larger groups sometimes extend-
ing their territories at the expense of their neighbours
(Miiller & Manser, 2007). Such competition is most
intense in the Mweya population (Queen Elizabeth
National Park, Uganda) where access to human refuse
is common and can even affect fecundity if not ulti-
mate reproductive success (Otali & Gilchrist, 2004).
Thus, it would be possible that latrines play a role in
alleviating competition, especially as latrine sites
could signal resource depletion effectively and maxi-
mize foraging efficiency for all group members
including the marker (sensu ‘note to self’: Buesching
& Macdonald, 2001; and the Foraging Book-Keeping
Hypothesis: Henry, 1977). Faeces volume and consist-
ency are likely to be honest signals of the type and
richness of resources exploited (sensu Buesching &
Macdonald, 2001). However, as mongooses forage
throughout their ranges, hitherto it has been impos-
sible to assess the location of latrine sites in relation to
food patches. Nevertheless, counter to this sugges-
tion, banded mongoose females’ intrasexual over-
marking is not related to the acquisition of resources
necessary to breed and rear offspring, as the frequency
with which females are approached in competition
for food is unrelated to their overmarking score
(Jordan et al., 2011c).

Dens

Although den sites are a valuable resource in which
banded mongooses raise their young (Rood, 1975),
they are unlikely to constitute a restricting resource in
this species. Whereas some dens are revisited fre-
quently (Cant, 1998), many are frequently changed,
sometimes on