
Chapter 16
Mammal Community Structure Analysis

Kris Kovarovic, Denise F. Su, and Kari Lintulaakso

Abstract Fundamentally rooted in Odum’s niche concept,
mammal community studies are based on the understanding
that each resident species reveals information about its
environment through its adaptations to specific resources and
landscape features. Ecologists view the community’s profile
of strategies for exploiting particular spatial and dietary
niches; a quantitative summary of these strategies when
compared across locales from a variety of habitat types
demonstrates striking similarities in the communities that
live in similar habitats regardless of their location. Recog-
nizing that communities can be compared across space,
paleoecologists implemented community studies across time
in an effort to reconstruct past environments. This syneco-
logical approach to paleoenvironmental reconstruction may
be thought of as holistic, since it is not restricted to a single
mammal family. However, thorough explorations of how
fossil and extant communities differ have revealed signifi-
cant dissimilarities brought about by the taphonomic history
of paleontological assemblages. Techniques have been
developed for addressing differences between the modern
comparative community sample and the paleontological
sample to which it is compared, but recent research
conducted by both neo- and paleoecologists has suggested

that there are unappreciated differences between modern
habitats, as well.
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Introduction

Mammalian remains are often abundant at paleontological
sites around the world and represent a critical source of
information about the Earth’s biological past. Individual
species and entire assemblages can reveal the unique char-
acteristics of the mammalian community in a given time and
place, contributing to our understanding of how lifeforms
evolved in different settings over geological time.

Many classic post-Darwin paleontological studies
focused largely on morphological descriptions of mam-
malian remains for the sake of understanding species and, by
extension, their reconstructed evolutionary relationships.
Influential mid-20th century developments in modern eco-
logical theory, however, spurred something of a revolution
in mammalian paleo-sciences. A step-change in thinking
arose with the extension of Odum’s (1953) classic niche
concept into the work of paleontologists who were interested
in general interactions between the environment and mam-
malian evolution and reconstructing ancient environments.
Paleontologists came to appreciate more fully that mammals
could provide information about their habitats, and studies
utilizing their remains in this manner added to a growing
corpus of paleoecological literature.

There are numerous ways that mammals form an integral
part of paleoecological research, from isotopic work (see
Higgins 2018) to ecomorphology (see Barr 2018), but the
focus here is on the analysis of entire communities, referred
to variously as community structure analysis or ecological
diversity analysis among other monikers. We review the
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theoretical underpinning for this synecological approach and
its scientific development, consider its pros and cons com-
pared to other available methods, and look ahead to further
refinements that will allow us to elucidate ever more
nuanced information about ancient environments.

Ecological Theory: The Underpinning
of Community Structure Analysis

The Niche Concept

Eugene P. Odum is often credited with being one of, if not
the, founder of the modern science of ecology. He was cer-
tainly not the only person in pre- or post-Darwin times to
discuss connections between mammals and their environ-
ments (e.g., Hutchinson 1957, 1959) or to overtly outline the
nature of relationships between the two (such as
predator-prey interactions). However, Odum was a prime
mover in an influential mid-20th century shift in ecological
thinking. The general principles he championed are still
persuasive and, despite some having been shown to be flawed
in some respects, his work in the 1950s can be described
almost as “contagious” in many scientific circles, particularly
in debates surrounding the utility of evolutionary versus
ecosystem ecology. One area where his intellectual input
contributed greatly to the development of paleoecology is in
the ecological niche concept, earlier defined by Elton (1927).
Odum described this in the 2nd edition (1959) of his popular
1953 text Fundamentals of Ecology as “the position or status
of an organism within its community and ecosystem resulting
from the organism’s structural adaptations, physiological
responses, and specific behavior (inherited and/or learned)”
(Odum 1959, p. 27). This he contrasted to a habitat, the
physical space occupied by a species, employing an analogy
that has endured for decades: the habitat is the species’
“address”, but the niche is its “profession”.

The very language used here conveys something that is
dynamic rather than static. It suggests that a niche is defined
by relationships between individual species and between
species and their physical environments and, furthermore,
that these relationships can change over time. Indeed, by
emphasizing that structural adaptations are a part of the
very definition of a niche, an evolutionary time scale is
invoked. Bodily structures are adaptations and, as such, they
can tell us something about the niche(s) to which an
organism was adapted (Harrison 1962). This isn’t a circular
concept so much as an empirical approach that enables us to
work “backwards” – as paleontologists often do – by com-
paring what can be observed in the present with remains

from the past; in this case, the hard tissue adaptive structures
of the skeleton and dentition.

Although ecologically meaningful mammalian structural
adaptations (also known as “ecomorphologies”, a concate-
nation of the term “ecological functional morphologies”)
may be explicitly studied to infer past environmental con-
ditions (see Barr 2018), community analysis uses informa-
tion derived from these adaptations, as well as other proxies,
to classify individual species into categories that broadly
describe their preferred niches. The concept of a niche as
expressed by Odum is also particularly pertinent here, as it
makes clear that individual species have a place – their
“position or status” – within a community, as well as within
the ecosystem as a whole. The implicit idea is that the entire
community can yield a greater amount of information about
its environment than individual taxa, which occupy a limited
range of niches, and therefore cannot provide a composite
picture. Simply put, the whole is greater than the sum of its
parts.

Mammalian Adaptations to the Niche

The exploitable niches that are available in a given habitat
are conditioned by a combination of both biotic and abiotic
factors, such as the different kinds of vegetation (trees, grass,
herbs, shrubs, etc.) and the particular qualities of the soils in
which they grow (drainage, nutrients, texture, inorganic
composition, etc.) (Lomolino et al. 2006). These character-
istics dictate what types of mammals can live in a given
place and how they behave; a locale with nutrient-rich, moist
but well-drained soil supporting heavy vegetation cover will
have a very different mammalian community than a locale
with dry, sandy soils and sparse vegetation cover. For
example, tropical and subtropical rain forests or similar
biomes with high annual average temperature and precipi-
tation, where fruit resources are available year round, sup-
port more purely frugivorous mammals than areas with
seasonal precipitation, which have higher numbers of her-
bivorous (folivorous) taxa (Kay and Madden 1997; Hanya
et al. 2011; Pineda-Munoz et al. 2016).

A habitat can be divided into two distinct niches that are
relevant for paleoecology: a spatial niche, which relates to
the physical space in which a species moves during its life
cycle, and the trophic niche, which relates to the diet on
which a species relies to meet its nutritional and energy
requirements. All mammals need a place to live and food to
eat; thus, they are adapted to (or “fill”) a particular spatial
and trophic niche.

Soft-tissue structures are every bit as adaptive as hard
tissue structures but are of limited use to paleontologists
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given their resistance to fossilization. However, the preser-
vation of skeletal and dental remains, although impacted by
numerous taphonomic factors, yields a wealth of material
from the past that can be related back to spatial and trophic
niche exploitation. Mammals negotiate and utilize space

with different locomotor repertoires as evidenced by the
morphology of their postcranial skeleton, particularly ele-
ments of the fore- and hind limb, which vary according to
the substrate to which the species is adapted (e.g., Kappel-
man 1988).

Fig. 16.1 Locomotor niche exploitation profiles from four habitat types in Africa, based on data from 22 modern mammalian communities. Data
from Andrews et al. (1979)
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Teeth, in comparison to postcranial elements, provide
evidence regarding the trophic niche to which a species is
adapted. Animals have specific dietary requirements and,
thus, dental morphologies that are indicative of a carnivo-
rous, insectivorous, frugivorous, or herbivorous diet. Com-
bination niche exploitation strategies are particularly
common in herbivores, which may be further defined as
browsers (preferring dicots) or grazers (preferring grass) and,
quite frequently, a mix of the two, which often relates to the
seasonal availability of food sources. It is also common for
herbivores on the browsing end of the spectrum to consume
fruits and for insectivores to consume small mammals and/or
fruit. True omnivores are rare, and the morphology of their
dentition tends to point to a specific combination of dietary
strategies rather than an equal reliance on all food resources
(Pimm and Lawton 1978; Yodzis 1984; Pineda-Munoz and
Alroy 2014).

Community Structure

The “structure” in a community structure analysis is essen-
tially a summary of niche exploitation profiles. The primary
interest is how the mammalian species fill trophic and spatial
niches with their dietary and locomotor adaptations,
although in many cases, body size is also considered as
ecologically relevant and given the same consideration as the
two primary niche profiles (Andrews et al. 1979). Sum-
maries can be helpfully visualized in histograms, which
demonstrate quite effectively a key concept of this analytical
approach to environmental reconstruction: habitats with a
similar array of available niches have similar community
structure profiles, regardless of their geographical location.
Figure 16.1, originally published by Andrews et al. (1979),
expresses this in a series of histograms organized according
to five broad habitat types. Profiles for the relative propor-
tion of species in taxonomic orders, average body mass
categories, and locomotor and trophic niche categories are
presented. By comparing these profiles across the habitat
categories, it is easy to see where differences between them
occur in their mammalian faunas. For example, compare the
lowland and montane forest locomotor profiles with those
from non-forest habitats. Species in the large ground mam-
mal category, which are entirely terrestrial, are found in
much greater numbers in non-forests (approximately 50%
of the fauna), whereas forests have a higher proportion of
species classified as small ground mammals, which prac-
tice some form of arboreality in addition to exploiting
the terrestrial niche. These data are from 22 modern locali-
ties in Africa, but the patterns can also be viewed on a

broader geographic scale in datasets that extend to multiple
regions and continents (Andrews 1996).

The phenomenon noted above is evident if one compares
the profiles of the Central American tropical forest and
Chinese paratropical forest in Fig. 16.2 (data from Andrews
and Humphrey 1999). Although separated by some 14,000
km and millions of years of evolutionary history, these
profiles are visibly similar, with approximately equal num-
bers of species in each category. The differences appear
relatively minor; Chinese paratropical locales have a small
number of aerial species that are lacking in the sampled
Central American communities, which themselves have a
slightly higher proportion of terrestrial taxa. But, overall,
their general patterns are the same. This structural similarity
in their faunal communities is indicative of the fact that all
forests present a similar array of exploitable niches for res-
ident species to fill.

Significance for Understanding
Paleoecology

Paleoenvironmental community studies are fundamentally
rooted in the present, based on observations of mammalian
behavior in habitats where they are known to live. Demon-
strating the existence of similarities in patterns of community
structure in broad habitat categories was originally largely
based on extant communities (e.g., Karr 1971; Fleming
1973), but an obvious next step for paleoecologists was to
extend this principle to the fossil record. While direct
observations of past mammalian dietary and locomotor
habits cannot be made, their postcranial and dental remains
provide evidence for their adaptive niches, from which
community structure profiles can be constructed.

Andrews and colleagues (1979) developed the commu-
nity structure technique for interpreting paleoecology based
on early studies of species diversity in fossil and modern
avian and mammalian communities (Kurtén 1952; Harrison
1962; Simpson 1964; Karr 1971). They noted that these early
studies (Simpson 1964; Karr 1971) showed changes in the
diversity of animal and plant species following a north-south
gradient on different continents: as latitude decreased, the
number of species increased. Additionally, the structure of
the communities, i.e., distribution of body sizes and dietary
and locomotor adaptations, also changed with latitude
(Fleming 1973). They showed that community structure
varies significantly with habitat type within a single latitudinal
zone but that when both latitude and habitat type are similar,
community structure is constant, regardless of differences in
continent or species number and composition. They
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proposed that the habitat of a faunal community can be
determined based on its community structure, irrespective of
species composition, and that this predictive quality has
direct application for paleoecology. By establishing patterns
of community structure for a series of modern faunal com-
munities and comparing them to those calculated for fossil
communities, it is possible to make direct comparisons and
inferences regarding the habitats from which the fossil
assemblages may have come. This methodology was quickly
integrated by many researchers into studies of the paleoe-
cology of fossil hominoid-bearing faunal communities (e.g.,
Andrews and Van Couvering 1979; Van Covering 1980;
Nesbit Evans et al. 1981) and is regularly incorporated into
paleoecological studies of mammalian fossil sites today
(e.g., Reed 1997; Kovarovic et al. 2002; Flynn et al. 2003;
Su and Harrison 2007; Croft et al. 2008; Su et al. 2009;
Meloro and Kovarovic 2013).

Paleoenvironmental Reconstruction

Bearing in mind the theoretical considerations of community
structure analysis, there are also practical aspects to consider
when implementing this method as a form of paleoenvi-
ronmental reconstruction. Decisions must be made regarding
the selection of extant localities for the comparative dataset
and how mammalian community niche exploitation
profiles are compiled and categorized. The issue of catego-
rization is particularly critical as neither mammalian niche
exploitation behavior nor habitats are discrete entities,
existing instead on a spectrum of related variables. Never-
theless, the method requires that species are classified
according to their preferred niches and localities to their
broad habitat or biome, which reduces the representation of
their natural biological diversity. A balance must be struck

Fig. 16.2 Locomotor niche exploitation profiles for 15 habitat types from across the world, based on data from 44 modern mammalian
communities. Data from Andrews and Humphrey (1999, p. 287). F = fossorial, Ae = aerial, Aq = aquatic, S = scansorial, Ar = arboreal, S-A =
scansorial-arboreal, T = terrestrial
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between using a classification scheme that is nuanced
enough to provide useful environmental interpretations and
one that is also applicable to fossil species for which
behavior is reconstructed from proxies rather than observed
directly as in the modern world.

Extant Comparative Sample Selection

Assembling a dataset of extant localities against which to
compare the target paleontological locality requires a careful
and often lengthy process of identifying natural localities
(i.e., ones not significantly altered by human habitation or
activity) associated with complete mammalian species lists
(Andrews et al. 1979). Many faunal lists for modern local-
ities were compiled for specific research questions or con-
servation projects, and it is often the case that they record
only the small or large fauna or species in particular families.
Only localities for which faunal lists are considered com-
plete are viable for community structure analyses, although
establishing completeness itself may be difficult. Further-
more, the conflation of gamma (=regional) with alpha
(=locality) species richness is also problematic, particularly
when the faunal list has been assembled based on distribu-
tion maps, which may incorporate “expected occurrences”
(i.e., a species is absent but marked as being present because
the habitat is similar to where it is known to occur; for
example, see Happold 1987). Needless to say, faunal lists
based on alpha species richness are more appropriate for
community structure analyses and should be used in favor of
those based on the regional occurrence of taxa. Both of these
factors can pose a challenge in selecting the appropriate
comparative modern community. Fortunately, with the
advent of electronic databases and data sharing require-
ments, there are a number of resources that can be useful in
this regard; examples include species occurrence datasets,
such as those published by the National Center for Ecolog-
ical Analysis and Synthesis (NCEAS, https://www.nceas.
ucsb.edu/), Ecological Archives (http://esapubs.org/archive/
default.htm), DryadLab (http://datadryad.org/), and Biolog-
ical Inventories of the World’s Protected Areas (http://www.
ice.ucdavis.edu/bioinventory/bioinventory.html), as well as
specific peer-reviewed journals like Check List (http://
biotaxa.org/cl/index) that focus on data related to species
geographic distributions. A good starting point for finding
information to assist with standardizing these occurrence
data (which quite often are from national parks and similar
areas) is the World Database on Protected Areas (WDPA,
https://www.protectedplanet.net/).

In addition to being suitable from a sampling standpoint,
localities should generally encompass the entire spectrum of

ecological possibilities. However, it may be possible to
exclude certain major biomes depending on the specific
research question or location of the paleontological site
being subjected to environmental reconstruction. There may
be reasonable grounds for excluding temperate and Arctic
tundra communities, for example, if the paleocommunity is
derived from an equatorial location where other indicators
suggest that it was not physiognomically similar to tundra
(e.g., desert in the tropical realm).

Gross vegetation physiognomy is, in fact, one of the best
defining characteristics for any habitat classification system.
There are many systems available in the literature, some of
which span the entire range of global biomes, but they are
often based on specific vegetation species associations
(White 1983; Eiten 1992; Lawesson 1994). But, just as a
community structure analysis does not account for the tax-
onomic identity of the mammalian species, it also cannot
account for the species of vegetation in the habitats. Struc-
tural variables such as the number of canopies, crown height,
overall tree, bush, or shrub cover and the presence of grassy
or herbaceous ground cover are more relevant. Of course,
such systems can be rather coarse, lumping several habitat
types into broad groups that obscure ecological nuances that
exist between them. The system used by Andrews et al.
(1979) in Fig. 16.1 considers only four categories, including
one for all woodlands and bushlands; although it is rather
reductive, it also presents a series of rules that make it rea-
sonably easy to place each locality into a habitat group. The
more nuanced the habitat classification system, the more
information that can be extracted from a paleocommunity,
but the harder it becomes to categorize the habitat groups in
the first place. Since they exist on a continuous spectrum of
vegetation cover, the difficulty is in knowing where to draw
the line to create discrete, analyzable categories. For this
reason, paleoecologists have drawn on current research and
descriptions of extant vegetation communities and habitats
(particularly White 1983 and Olson et al. 1983, 1985) to
devise clearly-defined classification systems that can be
applied to the paleontological record (Andrews et al. 1979;
Reed 1997; Andrews and Humphrey 1999). Table 16.1
(originally from Kovarovic et al. 2002) summarizes the
habitat categories of 22 modern localities used in a com-
munity structure analysis of the Upper Ndolanya Beds of
Laetoli, a Pliocene hominin-bearing site. The habitat type
column represents the broad classification system employed,
while a more detailed description of each locality provides
the basis for the categorization and aids in subsequent
interpretations.

It is important to note that vegetation structure and
diversity are strongly correlated with annual rainfall (Gentry
1988); consequently, species richness and community
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structure will also vary in relation to annual rainfall
(Kay and Madden 1997). It has been shown that in tropical
South American faunal communities, there is significant
positive correlation between rainfall and species richness
and abundances of frugivores, arboreal mammals, and her-
bivorous mammals, among other attributes (Kay and Mad-
den 1997). In fact, it is possible to use these relationships to
predict annual rainfall in past environments (Kay and
Madden 1997). Thus, it is important to take into account the
diversity of annual rainfall sampled by the comparative
modern communities when reconstructing the paleoenvi-
ronments of past communities.

Fossil Assemblage Suitability

Not all paleontological localities can be subjected to a
community structure analysis. The assemblage must pre-
serve a reasonably high proportion of the mammalian fauna
that existed. Although most sites will suffer some amount of
taphonomic loss depending on a variety of ecological and
depositional conditions, an assemblage that is noticeably
lacking in overall species number, or richness, is not a good
candidate for this methodology (Andrews 1996). It is diffi-
cult to judge the completeness of a community in the fossil
record, but some basic protocols can be applied to determine
whether an assemblage is suitable.

One point to consider is the number of taxa that are
required purely from the standpoint of multivariate statistical
robusticity. From this perspective, even an assemblage with
a low number of species, as few as five or six (Louys 2007;
Louys et al. 2009), can be used. However, communities with
such low species richness are obviously depauperate when
compared to the richness observed in natural modern com-
munities. Theoretically speaking, habitats that are struc-
turally and topographically complex, such as forests and
complex woodlands, provide a greater number of niches to
exploit and therefore have greater richness (Reed 2008). In
the tropical realm, it is uncommon to find communities with
fewer than 40 taxa across all body sizes; this value is
approached only by communities inhabiting quite open
environments (e.g., Serengeti Plains; Andrews and Nesbit
Evans 1979; Andrews et al. 1979). While this might be a
useful threshold to consider given that the number is
reflected by extant faunas, it is an unreasonable expectation
of many fossil communities, which tend to average lower
than 40 taxa (see, for example, Andrews and Nesbit Evans
1979) for reasons pertaining to taphonomy (Badgley et al.
1995), the intensity of scientific sampling (it is known that
bigger samples tend to have more species; Croft 2013; Su
2016) and our ability to correctly identify all individual
fossil species from fragmentary remains. Furthermore, the
proportion of each taxon in the sample and the distributional
pattern of the taxa that make up the faunal community are all

Table 16.1 Twenty-two modern African localities classified by habitat. Modified from Kovarovic et al. (2002), which is based on the habitat
classification system first outlined by Andrews et al. (1979)

Locality Country Habitat type Description

Irangi Zaire Tropical forest Lowland evergreen forest; primary and secondary-riverine cultivation types
Seredou Guinea Tropical forest Lowland evergreen forest
Semliki a Uganda Tropical forest Lowland semi-deciduous forest
Budongo Uganda Tropical forest Lowland semi-deciduous forest; secondary and monotypic types
Semliki b Uganda Montane forest Montane evergreen forest continuous with lowland
Mt. Kenya Kenya Montane forest Montane evergreen forest; primary and secondary
Lemera Zaire Montane forest Montane evergreen forest in river valley
Amani Tanzania Seasonal tropical forest Intermediate semi-deciduous forest
Kakamega Kenya Seasonal tropical forest Intermediate semi-deciduous forest, secondary with glades, hills with bush
Rwenzori Forest Uganda Seasonal tropical forest Lowland semi-deciduous forest
Sokoke-Gedi Kenya Seasonal tropical forest Lowland deciduous forest and woodland
Tana River Kenya Mixed wood and grassland Floodplain grassland with patches of deciduous forest
Gabiro Rwanda Mixed wood and grassland Wooded grassland next to lake flats
Legaja Tanzania Mixed wood and grassland Lake in short grassland with woodland on the fringes
Rukwa Tanzania Mixed wood and grassland Floodplain grassland with bordering woodland and swamps
Rwenzori Uganda Tropical woodland Short grass plains-bush-woodland mosaic
Banagi Tanzania Tropical woodland Deciduous woodland and bushland
Kafue Zambia Tropical grassland Floodplain grassland with bordering woodland
Serengeti Tanzania Tropical grassland Short grass plains with small patches of bush
Karamoja Uganda Tropical arid bushland Arid bushland
Kapiti Plains Kenya Tropical arid bushland Grassland-bushland mosaic
Tsavo Kenya Tropical arid bushland Bushland and arid bush
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factors that affect the accuracy of predicting the correct
habitat association for the fauna (Mares andWillig1994).Even
when these factors are known, as in modern communities, a
large proportion of the fauna is often required to be confident
of the habitat association of the community (Mares and
Willig 1994). In an extensive exploration of the species
richness required to effectively distinguish between modern
habitats, Louys et al. (2009) found that this varied depending
on broad habitat type as defined by vegetation structure
(closed, mixed, or open). They provide empirical support for
what makes intuitive sense; richness is generally correlated
with broad habitat type, so it is expected that a greater
number of species might be required to distinguish between
those that are taxonomically richer. A minimum of 32 spe-
cies was identified as the threshold for distinguishing
between communities adapted for closed and mixed habitats,
whereas only 12 were required to distinguish between open
and mixed, and eight for open and closed (Louys et al.
2009).

Ecovariable Categories

Community structure analysis considers three variables that
reflect the niche exploitation of the species, also termed
ecovariables: body size, locomotor adaptation, and feeding
preference. Their expression provides information on how
the species of a mammalian community fills the spatial and
trophic niches of the ecosystem.

Body size (mass): Body size is one of the most fundamental
biological characteristics of mammals. It has been shown to
correlate significantly with other aspects of biology and
behavior and is an important factor in space utilization for an
organism. Various studies have shown a correlation between
body size distributions of mammalian communities and their
environments (e.g., Legendre 1986, 1989; Gingerich 1989;
Croft 2001; Flynn et al. 2003; but also see Rodríguez 1999
for a dissenting opinion), although it appears to be the least
discriminating of the three ecovariables (Andrews 1996;
Reed 1997; Lintulaakso and Kovarovic 2016). Body size
classification in extant mammals is relatively straightforward,
done by calculating the mean of the species’ weight range.
Reconstructing body size in fossil mammals is more com-
plicated, and is based on the consistent isometric and allo-
metric relationships between various skeletal dimensions and
body mass (e.g., Gould 1975; Alexander 1977; Fortelius
1990; Gingerich et al. 1982; Scott 1990; Legendre 1986;
references in Damuth and MacFadden 1990; see Hopkins
2018 for detailed discussion and additional references). For
the most part, because community structure analysis relies
on the mammalian species list, and species identification is

dependent on craniodental material, the methodology uses
dental dimensions as body size proxies. It is an added
advantage that teeth are the most identifiable and preserved
element in the mammalian fossil record and that various
dimensions are known to correlatewith body size, among them
molar surface area and tooth row length (Gould 1975; Gin-
gerich et al. 1982; Fortelius 1990; Hopkins 2008, 2018). It is
worth noting that although there are many factors that can
influence the robustness of body size estimation (see Hopkins
2018 for detailed discussion), precision is not as crucial in
community structure analysis because species are categorized
in ranges of body masses that compensate for any inexactness
in the predication. Body size categories vary from study to
study and can have as few as three categories (<1 kg,
1–45 kg, >45 kg; Andrews et al. 1979) to as many as 12
categories (see Table 2 in Townsend et al. 2010). The divi-
sion of body size categories is arbitrary to a certain extent, but
it is important to consider the body size distribution of the
target paleocommunity so that body size categories are not
overly or under-divided.

Locomotor adaptation (substrate categories): Locomotor
adaptations are generally considered in terms of the substrate
or spatial niche for which the organisms are adapted (Har-
rison 1962; Eisenberg 1981). Assignment of a locomotor
class should be based on the morphological adaptations of
the limb bones that allow the species to move within its
niche (see Dunn 2018). However, there are instances, par-
ticularly within a fossil assemblage, where it is often not
possible to associate isolated postcranial elements to taxo-
nomically identified craniodental materials; in such cases, it
may be necessary to categorize a species based on specimens
of from other sites or, as a last resort, from taxonomic
analogy.

Locomotor categories are relatively broad and emphasize
ecological niche structure; the animals in a community are
categorized to correspond to the physical layers in the
environment (Andrews et al. 1979). The categories proposed
by Andrews et al. (1979) and commonly used in community
structure analyses are: (1) aerial, the space above the vege-
tation to which aerial mammals, such as bats, are restricted;
(2) arboreal, mammals that are found solely in the upper
canopy or small branch zone of trees; (3) scansorial, mam-
mals that are found in the middle and lower canopy and
often climb up and down trees; (4) terrestrial-scansorial,
terrestrial mammals that are not restricted to the ground and
often utilize the lower branches of trees; (5) terrestrial,
mammals that are restricted to the ground; (6) fossorial,
mammals that burrow in the ground; (7) aquatic, mammals
that inhabit bodies of water. Combination niche categories
are also possible, e.g., terrestrial-arboreal or terrestrial-
aquatic, as some species equally exploit the tree canopy and
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the ground, or underground dens and the land surface, albeit
often for different sorts of activities like eating, sleeping and
rearing young. There are also specialist niche exploitation
categories, such as cursorial, which indicates a species that is
well-adapted for running long distances over relatively open
ground (see also Barr 2018), although they are generally
considered part of the terrestrial category. Later studies
have further combined the arboreal and scansorial categories
and re-named terrestrial-scansorial to terrestrial-arboreal and
includedallmammals that useboth substrates (e.g.,Reed1997;
Su and Harrison 2007), while others have further refined the
categories to accommodate the suite of specializations that
allow the animal to exploit more than one ecological zone
(e.g., Kovarovic et al. 2002). The less refined the categories,
the easier it will be to assign fossil taxa to the appropriate
category; however, it may also result in a decreased ability to
distinguish between faunal communities. Most studies
exclude the aerial category in their analysis due to the
paucity of bats in the fossil record and the rarity of gliding
mammals in both modern and fossil communities (Andrews
et al. 1979; Reed 1997; Kovarovic et al. 2002; Su and
Harrison 2007; among others).

Dietary adaptations (trophic categories): Trophic cate-
gories are assigned on the basis of the primary dietary
adaptation of the animal, usually inferred from tooth mor-
phology (specialization of molar cusps, degree of hyp-
sodonty, canine morphology or reduction; see Evans and
Pineda-Munoz 2018), wear patterns (mesowear and micro-
wear; see Green and Croft 2018), and/or stable carbon iso-
tope composition (see Higgins 2018). The use of multiple
proxies to infer the diet of fossil mammals can sometimes
result in contradictory reconstructions where the lines of
evidence do not align; for example, stable carbon isotope
data may suggest that the species consumed both browse and
graze even though its teeth are hypsodont (e.g., alcelaphin
species from Laetoli; see Kingston and Harrison 2007). This
can reflect the difference between fundamental niche and
realized niche (Hutchinson 1957) and, where these data are
obtainable, categorization should be based on what a species
is actually eating at that particular site rather than its mor-
phological adaptation. Furthermore, in some cases, so little
of a species is preserved or its ecological behavior is so little
understood that one must default to the behavior of its rel-
atives (extinct or extant) or “average” what is known about
its genus or family.

The trophic or dietary categories to be used could include:
(1) carnivore, animals that consumemeat as amajority of their
diet irrespective of taxonomic classification; can be further
subdivided into animals that consume only meat, animals that
consume meat and bone, and animals that consume meat and

invertebrates; (2) insectivores, animals that eat mostly insects
irrespective of taxonomic classification; (3) grazers, animals
that mostly eat grass or specific types of grass from edaphic
grasslands (i.e., where drainage is impeded and there is often
seasonal flooding); (4) browsers, animals that mostly eat
products of dicot bushes and trees; (5) mixed feeders, animals
that eat both dicot andmonocot leaves; (6) frugivores, animals
that eat mostly fruits; can be further refined to animals that eat
fruits and leaves and animals that eat fruits and insects (but
often combined because it is difficult to distinguish these two
categories based on ecomorphology); (7) omnivores, animals
whose diet is wide-ranging and consists of food from more
than two trophic categories; (8) root and tuber eaters, animals
that specialize in roots and tubers. The use of categories
varies across studies; the difference is primarily in the degree
of refinement in category definitions and the use of combi-
nation categories (e.g., carnivore vs. carnivore-meat,
carnivore-bone, carnivore-invertebrate; see Reed 1997 vs.
Kovarovic et al. 2002). Additionally, at sites that predate the
middle to late Miocene spread of true C4 grasslands, herbiv-
orous animals are more correctly categorized as folivorous
“open habitat feeders” and “closed habitat feeders” (see Dunn
et al. 2015). As is the case with choosing locomotor and
substrate categories, it is easier to assign a fossil taxon to a
broader category, particularly if the ecology of the fossil
species is not well known; however, this may also result in
greater overlap in the community structure of faunal com-
munities andmake it more difficult to distinguish among them.

Multivariate Statistics for a Multivariate
Problem

Since its inception, analyses of community structure have
included univariate, bivariate, and multivariate comparisons.
Profiles of community structure in histograms (e.g.,
Andrews et al. 1979a; Nesbit Evans et al. 1981; Kovarovic
et al. 2002) and bivariate plots of ecovariables (e.g., Reed
1997, 2008; Kovarovic et al. 2002) are useful interpretative
tools and can demonstrate ecological relationships; for
example, the proportion of frugivorous mammals is inver-
sely related to that of grazing mammals, with forest habitats
having more frugivorous species and open habitats having
more grazing species (see Fig. 16.3). Univariate statistical
tests are also appropriate when testing the null hypothesis
that mean proportions of ecovariables are the same between
habitat categories. For example, Reed (2008) used a single
factor ANOVA to test the null hypothesis followed by the
“Tukey honestly significant difference for uneven sample
sizes” post-hoc test for differences between pairs of habitats
for each ecovariable.
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Although other approaches can be used, community
structure is fundamentally a multivariate problem and
requires robust multivariate statistical techniques. It is
important to note that multivariate analysis does not actually
provide environmental data; rather, it organizes the data by
ordination or classification in such way as to allow for
visualization of the data and environmental interpretations
(Andrews 1996). Different multivariate analyses have been
used in studies of community structure and are summarized
as follows.

(1) Hierarchical clustering analysis: A type of cluster
analysis in which a hierarchy is built using a measure of
distance between pairs of observations, typically shown
as a dendrogram (for examples of application, see
Andrews 1996; Kovarovic et al. 2002; Su 2011).

(2) Principal components analysis (PCA): An ordination
technique in which the data are transformed into
uncorrelated variables called principal components. The
first principal component contains as much of the vari-
ability of the data as possible, and each remaining
component contains as much of the remaining variability
as possible (Zuur et al. 2007). The results are usually
presented as a bivariate plot of its first and second
principal components, which should contain most of the
variance of the data (for examples of application, see
Kovarovic et al. 2002; Flynn et al. 2003; Su and Har-
rison 2007).

(3) Principal coordinates analysis: An ordination tech-
nique similar to PCA that uses a distance matrix instead
of data transformation (Zuur et al. 2007); it is sometimes
preferred to PCA because correlations within the eco-
logical data matrix are generally weak (Andrews 1996;
this reference also provides an example of its applica-
tion). Principal coordinates analysis can be followed by
a canonical analysis (called a discriminant analysis when
the interest is in group membership and a correlation
analysis when the interest is in relationships with envi-
ronmental variables) that allows for constrained ordi-
nation on the basis of any distance or dissimilarity
measure (Anderson and Willis 2003; see Fig. 16.4 for an
example of its application).

(4) Non-metric multidimensional scaling: A non-metric
ordination method designed to circumvent the assump-
tion of linearity in principal coordinates analysis.
Instead, it uses rank order information in a dissimilarity
matrix to carry out iterative multidimensional scaling
that produces differences in distribution and clustering
that is analogous to the components in principal com-
ponents analysis (Andrews 1996; this reference also
provides an example of its application).

(5) Correspondence analysis: A geometric technique used
to visualize the associations between the levels of a
two-way contingency table; rows and columns of the
table are displayed as points in a low-dimensional space
that is consistent with their associations in the table
(Greenacre 1984). For examples, see Greenacre and
Vrba (1984), Reed (2008), Kovarovic et al. (2013), and
Su and Haile-Selassie (in press).

(6) Discriminant function analysis: A statistical technique
used to predict a categorical dependent variable (i.e.,
group membership) by one or more continuous or binary
independent predictor variables. See Croft et al. (2008)
and Su and Haile-Selassie (in press) for examples of the
application of this technique and Kovarovic et al. (2011)
for a review of some important considerations of this
method.

The choice of which multivariate analysis to use depends
on the questions being asked by the researcher as well as the
data themselves, as analyses often have different assump-
tions (see citations above for computational details). Dif-
ferent analyses are not mutually exclusive and are often used
in conjunction with one another. With analyses that deal
with proportional data, as is the case with community
structure data, transformation of the raw data is often nec-
essary. Sokal and Rohlf (1995) proposed using the arcsine
square root transformation for these types of data, and this
has been widely adopted since then by ecologists and
paleoecologists alike (Warton and Hui 2011). There are

Fig. 16.3 Percentage of frugivorous and grazing species in modern
ecosystems. More open habitats (ecosystems 10–15) have higher
proportions of grazing species and lower proportions of frugivorous
species. More wooded habitats (ecosystems 1–9) have the opposite
pattern, with higher proportions of frugivorous species and lower
proportions of grazing species. Ecosystems: 1 = African tropical forest,
2 = African montane forest, 3 = African seasonal tropical forest, 4 =
Malayan tropical forest, 5 = Indian tropical forest, 6 = Central
American tropical forest, 7 = Chinese paratropical forest, 8 = Burmese
subtropical forest, 9 = Indian subtropical forest, 10 = Miombo
Woodland, 11 = South African summer-rainfall woodland, 12 =
African mixed wood and grassland, 13 =African tropical woodland, 14 =
African tropical grassland, 15 = African tropical arid bushland
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other types of transformation that can be used (e.g., logit
transformation; Warton and Hui 2011); the choice of trans-
formation and, importantly, its necessity, is determined by

the research question and the assumptions made about the
data (Clarke and Warwick 1994; Kindt and Coe 2005).

Fig. 16.4 Canonical analysis of principal coordinates (CAP; Anderson and Willis 2003) for 169 tropical mammal communities (see Lintulaakso
and Kovarovic 2016). The communities are analyzed by the number of mammalian species within locomotion groups. Communities are grouped
by Olson et al. (1983) major ecosystems. Two main principal coordinates are displayed. CAP1 is associated with a low number of arboreal species.
Therefore, forested, more closed environments (FW) can be identified by a high negative correlation of low numbers of arboreal (A) or arboreal–
terrestrial (AT, TA) species. CAP2 is associated with a low number of subterranean–terrestrial (ST) or terrestrial (T) species. Here, the more open
environments (IW, GS) can be identified by a high negative correlation of low numbers of subterranean–terrestrial or terrestrial species. Tundra and
desert (TD) has a relatively high positive correlation with both CAP1 and CAP2, having a low number of any species within the locomotion groups.
Wetland (WL) communities are scattered all over the plot, having no real association with any of the CAP axes. This plot also shows some outliers that
could be investigated further as a potential source of error. For example, the outliers may pertain to a locality that was misclassified a priori
into an ecosystem group, the species list for the locality may not be complete, or the species list may have been collected from a number of ecosystems
within a single locality.Major ecosystems (Olson et al. 1983) are:major forest andwoodland (FW), interruptedwoods (IW), grass and shrub complexes
(GS), tundra and desert (TD), and major wetlands (WL)
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Strengths of Community Analysis

The utility of the community structure approach for recon-
structing past environments is multi-faceted: it makes use of
what is often ample and easily accessible data (fossil
remains); it is grounded in a solid theoretical context, the
main principles of which (i.e., adaptation, niche exploitation)
can be clearly observed in the modern natural world, so
comparative data are plentiful and reliable; and it is based on
a complete mammalian community as defined by the eco-
logical relationships that exist between species and their
environments. Some challenges do exist to utilizing the
approach, and these are detailed later in this chapter, but here
we outline some of the more nuanced advantages to select-
ing this method over others, illustrated with examples.

An All-Inclusive Approach

Community structure analysis is holistic in that it can include
both micro- and macromammals. This is desirable because
they relate to different aspects of their environment,
including scale, and therefore provide complementary
information on niche exploitation. Smaller taxa tend to more
regularly exploit fruits and seeds and are able to more effi-
ciently exploit the arboreal and underground substrates in
comparison to larger, generally more terrestrial species.
Small species are also prey animals for larger carnivores
reliant on meat consumption, while smaller species with
carnivorous diets tend to eat a combination of small animal
protein and insects, or insects in combination with other
resources. These differences suggest that eliminating smaller
body mass categories from an analysis would also eliminate
important ecological information provided by the many
frugivorous, insectivorous, fossorial, and arboreal taxa pre-
sent. These niches, in essence, would be under-represented,
and discrimination of habitat types would be based on a
limited array of niches, thus blurring the boundaries between
them.

However, many paleontological sites present a tapho-
nomic bias against the preservation of smaller-bodied spe-
cies that can make their inclusion analytically challenging
(e.g., Kovarovic et al. 2002; see “Analytical Challenges”
below). Additionally, some taxonomic units are traditionally
left out of this type of analysis for other practical and eco-
logical reasons. Volant mammals (i.e., Chiroptera) are
excluded because of their rarity in the fossil record (Andrews
et al. 1979; Reed 1998; Kovarovic et al. 2002; Mendoza
et al. 2004; Louys et al. 2011). Although this group displays
diverse ecological niche adaptations (bats vary considerably
in body mass and diet across a wide spectrum) and therefore
should be useful for discriminating among modern habitats,

they are of limited utility in the fossil record. Mammals
restricted entirely to aquatic environments, such as Cetacea
(whales and dolphins) and Sirenia (manatees and dugongs),
are also often left out of such analyses because it is the
terrestrial habitat that is generally of interest at paleonto-
logical sites (although marine mammal community analyses
can be conducted in their own right; e.g., Schick et al. 2011).
Including an aquatic or semi-aquatic category is often done
to allow for categorization of mammals that are partly
adapted for an aquatic lifestyle but that still exploit the ter-
restrial environment in some fashion, such as hippopotami,
otters, beavers, and similar species. This allows some ele-
ment of water availability to be considered implicitly with-
out direct reference to the geological evidence.

“Taxon-Free”: Ecology Versus Species
Diversity

When taken as a sum of available niches and the proportion
of species that exploit them, as in the case of a community
structure analysis, a paleohabitat can be viewed without
specific reference to the identity of the resident species; in a
sense, this method may be thought of as “taxon-free”. This is
perhaps one of the most important aspects of the method,
since paleospecies can be difficult to classify taxonomically
(see discussion in “Analytical Challenges” below). Taxo-
nomic considerations in a paleocommunity analysis are thus
restricted to the determination of how many species are
present (which, admittedly, is not always an easy task) rather
than their exact identities or phylogenetic relationships, a
somewhat separate area of study often under revision. What
matters for a community structure analysis is what the indi-
vidual species were doing as evidenced by their adaptations
to particular niches. Diversity of ecological relationships and
niche exploitation strategies employed by a community are
far more relevant than number of species alone.

Being unencumbered by taxonomy removes the reliance
on “indicator species” in paleoecological reconstructions.
This approach, which is implicitly imbued with the principle
of taxonomic uniformitarianism, was a favored analytical
tool in earlier paleoecological work (e.g., Coe 1980; Vrba
1980; Greenacre and Vrba 1984). Much rigorous research
went into determining which species are ecologically con-
sistent in the modern world based on the idea that they were
likely to have behaved similarly in the past; one frequently
cited example of this approach is the Antilopine-Alcelaphine
Criterion (AAC) developed by Vrba and colleagues (Vrba
1980; Greenacre and Vrba 1984), which was applied to
many sites in the East and South African paleoanthropo-
logical record (Kappelman 1984; Potts 1988; Shipman and
Harris 1988). The AAC method was based on observations
of extant bovid tribes and their tendency towards the
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consistent exploitation of specific trophic and spatial niches.
Some tribes, such as the antilopines and alcelaphines, are
known to prefer the resources of open, arid habitats where
they comprise 60% or more of the bovid fauna. When
compared to the proportion of species in other tribal pairs
such as Bovini and Reduncini, representing wetter, closed
habitats, and Tragelaphini plus Aepycerotini (the impala,
Aepyceros melampus), indicating dry and closed habitats,
this criterion was understood to be a powerful predictor of
paleoenvironment, particularly gross vegetation physiog-
nomy. However, despite strong evidence that ecological
similarities in closely-related bovid taxa may be the result of
evolutionary constraint and canalization of traits, not all
tribes have had such stable ecological strategies over the
same time scales (Sponheimer and Lee-Thorp 2003; Faith
et al. 2014; Behrensmeyer 2015; Cerling et al. 2015) or are
known to include species that are evolutionarily sensitive to
ecological change, such as the alcelaphine hartebeest,
Alcelaphus buselaphus (e.g., Flagstad et al. 2001) or the
impala and its extinct relatives in the genus Aepyceros (Faith
et al. 2014). For reasons such as these, indicator species are
approached with some caution. The AAC method has not
been abandoned, but it is used more conservatively and
almost always in conjunction with other proxies, such as
non-mammalian indictors, stable isotopes, and/or deposi-
tional conditions (e.g., Schrenk et al. 1995; Sponheimer and
Lee-Thorp 2003; Campisano and Feibel 2007; Bedaso et al.
2013). Community structure analyses are also often dis-
cussed in light of the taxonomic composition of the target
community with particular reference to specific indicator
taxa, but this is used to inform or support the main inter-
pretations derived from the community analysis itself (e.g.,
Su 2016).

Time and Space

Mammalian communities, being sensitive to ecological
conditions, are especially useful when reconstructing habi-
tats across a broad stretch of time or space (e.g., Fortelius
et al. 2002). This is borne out by research in extant com-
munities, particularly in small mammal communities, which
experience turnover and re-assembly rapidly enough that
they can be observed over historical time periods or after a
known environmental event that shifted habitat distributions,
as well as on spatial scales where observations of
presence/absence and ecological behavior are easily made
(e.g., Williams et al. 2002; Thibault et al. 2004; Thibault and
Brown 2008). Macromammal evidence is less well estab-
lished but also suggests that communities change quickly in
response to shifts in climate and that these changes are
recorded in assemblages of skeletal and dental remains on
modern landscapes (e.g., Western and Behrensmeyer 2009).

In paleontological locations where the fauna is known to
have changed taxonomically over time, a full community
analysis can bring greater insight to the ecological conditions
that supported these different communities. Good examples
of this approach are from the paleoanthropological sites of
Laetoli and Olduvai in the southern Rift Valley in northern
Tanzania, where a significant amount of paleoecological
work has been conducted in an effort to understand the
environmental context of three hominin genera throughout
the Pliocene and Pleistocene: Australopithecus, Paranthro-
pus, and Homo.

At Laetoli, Australopithecus afarensis is found in the
3.8–3.6 Ma Upper Laetoli Beds and Paranthropus
aethiopicus in the 2.66 Ma Upper Ndolanya Beds (Leakey
and Harris 1987; Harrison 2011). Community structure
analyses indicated that the older beds were more wooded
(Andrews 1989; Reed 1997) than early interpretations based
on indicator species or single-family studies that emphasized
the presence of terrestrial and grazing taxa (Leakey and
Harris 1987). The composite mammalian community instead
suggests that a range of habitats and resources were present,
including grass cover that supported the grazing guild;
however, the proportion of frugivores indicates that fruiting
vegetation was present, as well (Su and Harrison 2007,
2015). Both the overall locomotor and trophic niche profiles
are most similar to modern Serengeti woodland habitats
(Andrews 1989). In the same location, approximately one
million years later, the community structure looks somewhat
different, notably in the greater preponderance of terrestrial
and grazing species at the expense of browsers and arboreal
taxa (Kovarovic et al. 2002). Even when the greater tapho-
nomic loss of small-bodied species in this stratum is taken
into account, the large mammal community most closely
resembles a semi-arid bushland habitat (Kovarovic et al.
2002). This apparent trend towards increased aridity is also
seen elsewhere in the region. Thirty-six kilometers north of
Laetoli, where the extensive deposits of Olduvai Gorge
record the evolutionary history of hominins in great detail,
the 2.0–1.8 Ma Bed I sediments (Deino 2012) indicate a
change in climatic conditions towards greater aridity, and the
mammal community suggests a shift in the vegetation
towards more open habitats at the end of the sequence
(Fernandez-Jalvo et al. 1998). However, later in time, the
mammalian community structure suggests that even in light
of continued increasing aridity (Cerling and Hay 1986), the
woody vegetation cover and the mammals it supported had
stabilized. Although studies had long acknowledged differ-
ences in the Bed II fauna above and below the 1.74 Ma
Lemuta Member (Leakey 1971; Hay 1976, 1990; Gentry and
Gentry 1978), community structure analyses comparing
Lower Bed II, where Paranthropus and Homo habilis
remains have been recorded, to Upper Bed II deposits in
which Paranthropus persists and Homo erectus emerges,
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demonstrated that the faunal differences are most likely
explained by taphonomy; both of the Bed II mammal
communities were woodland-adapted (Kovarovic et al.
2013).

Work at Olduvai reminds us that mammal communities
vary not only over time, but also over space. A long program
of research at the site, particularly in Bed I and lowermost
Bed II, has focused on assessing landscape use of resident
hominins (Blumeschine and Peters 1998; Blumeschine et al.
2003, 2012a, 2012b), which necessarily considers both
habitat and geology. Recursions of the paleo-lake Olduvai
and periods where springs and river-fed wetlands were the
main water sources shaped the landscape and modified
habitat availability intermittently (Ashley et al. 2009; Sta-
nistreet 2012). These hydrological phases would have sup-
ported different vegetation complexes across the landscape.
A full-scale spatial community structure analysis has yet to
be undertaken, but faunal composition does differ spatially
(Cushing 2002), and it can be hypothesized that areas of
higher relief, where drainage was good and woody growth
was possible, supported different communities from those
located in areas of poorer drainage with marshy or otherwise
more open habitats.

One difficulty in assessing community structure on a
landscape scale is that in addition to the fact that mammals
are not static users of their habitats and move around con-
siderably, taphonomic conditions may not allow full com-
munities to have been preserved at each place of interest,
forcing researchers to “average” the fauna across a large area
(see discussion in “Analytical Challenges”, below). How-
ever, some sites such as Aramis, Ethiopia, where Ardipithe-
cus ramidus remains are known at 4.4 Ma, demonstrate that it
may be possible to provide a more refined interpretation of
community structure variation across a landscape (White
et al. 2009). Here, the mammals identified along a 7-km
transect situated on a southeasterly gradient vary in their
functional adaptions to both the trophic and spatial niche. The
entire mammalian community’s niche exploitation profile
was not considered for both niches, but the selected macro-
mammals studied suggest full community differences
between open habitats in the southeast and woodlands, with
which Ardipithecus is associated, elsewhere.

Analytical Challenges

Locality Size and Habitat Homogeneity

One issue to consider when conducting community structure
analysis concerns the size and scale of the areas from which
modern faunal communities derive. Very often, they are

entire national parks or even entire regions of a country,
which are likely to encompass multiple habitat types. This
results in faunal lists with species that are not actually found
in the same area or habitat in nature but artificially appear on
the same faunal list due to the large scale of the faunal
survey in question (e.g., Wilson 1975; Happold 1987). This
makes it difficult to directly compare fossil and modern
faunal communities because fossil sites are often much more
constrained in size than the area from which modern com-
parative faunal communities are derived (Su and Harrison
2007; Louys et al. 2009) and also decreases the resolution of
the interpretations possible. Ideally, the geographic scale of
the comparative modern communities should match that of
the fossil community of interest (Croft 2013).

It is also important to choose modern localities carefully to
minimize latitudinal variation and to represent uniform
topographical zones and vegetation types (Andrews et al.
1979) although, in theory, the size of the area should not be a
significant consideration as long as the habitat is homoge-
neous across the area covered. The most straightforward way
to deal with this issue is to simply avoid faunal communities
suspected of representing several major habitat types or to
divide them as much as possible according to specific habitats
that can be well-defined within the overall area. Alternatively,
a statistical approach can be used to identify species lists
whose compositions are significantly distinct and under- or
over-represent particular species groups. Louys et al. (2009)
suggest a taxonomic distinctness analysis based on a measure
developed by Warwick and Clarke (1995; Clarke and War-
wick 2001) that can determine communities that have a higher
than average taxonomic distinctness, potentially the result of
sampling multiple habitats across a large area. These can then
be excluded from further community analysis since they do
represent a natural, habitat-specific fauna.

Defining and Assessing Paleospecies

Although it is not necessary to taxonomically identify indi-
vidual fossil specimens in a community, discrete taxonomic
units still need to be identified. Often material is too frag-
mentary to allow this, and it is common to see that fossil
assemblages have fewer species overall when compared to
modern communities (see “Fossil Assemblage Suitability”,
above); this may relate not only to under-sampling of the
fauna generally, but also to an inability to identify all unique
paleotaxa. It may be difficult to distinguish between multiple
species in a particularly diverse family or tribe with
numerous closely-related taxa, with the result that faunal lists
may be composed of generic or tribal groups (e.g., “Alce-
laphini A” and “Alcelaphini B”). These distinctions may be
based on differences in body mass because the morphology
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is so similar. In such cases, as long as they can be recognized
as distinct taxonomic units and ecovariable categories
assigned to them, they should be included in the analysis.

Taphonomy and Sampling

There are many taphonomic factors that impact the compo-
sition of the final fossil assemblage in such a way that it no
longer reflects the composition of the original living com-
munity. Most of them involve differential destruction and
transportation of bones on the landscape due to fluvial fac-
tors, carnivore and rodent activities, weathering, and tram-
pling (e.g., Voorhies 1969a, b; Behrensmeyer 1975;
Behrensmeyer and Hill 1980; Blumenschine 1988). Fur-
thermore, collection strategies and/or sampling, regardless of
how thorough, are probably not sampling the entirety of what
was once the living community. For example, at Laetoli, all
specimens identifiable by taxon or anatomical elements are
collected (Harrison 2011). This is an intensive collecting
strategy that ensures a representative fossil assemblage, but
even then, smaller taxa are significantly under-represented.
Size-abundance analysis of herbivores >1 kg indicates that
species <10 kg are under-represented in the Laetoli fossil
assemblage and that the assemblage is taphonomically biased
by surface processes (Su 2005). It is important to note that
because community structure analysis relies on faunal lists,
many of these taphonomic biases are ameliorated and such
biases may not need to be corrected prior to conducting an
analysis (Andrews et al. 1979). It is, however, useful to
identify the taphonomic biases present in the paleontological
assemblage of interest for interpreting the results.

Another important taphonomic consideration is the gen-
eral under-representation of small mammals in fossil
assemblages. Although they are useful habitat indicators in
their own right and can be subjected to their own community
structure analysis to aid paleoecological interpretations (e.g.,
Reed 2007; Avery 2007; Stoetzel et al. 2011), they present
unique challenges to paleoenvironmental inferences based
on community structure. They are often accumulated under
different taphonomic regimes from the large mammals in
fossil assemblages (Andrews 1990a, b; Reed 1997, 2007) or
are so poorly preserved that they are under-represented in the
fossil community (Andrews et al. 1979; Reed 1997; Su and
Harrison 2007). Based on these factors, many researchers
make the decision to exclude them from the analysis to
reduce the need to consider this taphonomic bias in inter-
preting results (cutoffs of 500 g, 1 kg, and 4 kg are commonly
used; e.g., Reed 1997, 2008; Su and Harrison 2007; Louys
et al. 2009; Su 2011, 2016). Where small species are clearly
biased in an assemblage, a statistical solution may be to
employ a sampling technique that modifies the comparative
modern data such that the body mass profiles match that of

the target paleontological community (Kovarovic et al.
2013). However, eliminating smaller body mass categories
would also eliminate important ecological information, and
the analysis would thus be based on a limited array of niches
that may not discriminate between different habitats equally
well (Mares and Willig 1994).

An isotaphonomic approach can also minimize tapho-
nomic effects (Behrensmeyer et al. 1992). Clyde and Gin-
gerich (1998) only included Paleocene localities in their study
of the Bighorn Basin, Wyoming that satisfied several tapho-
nomic criteria (i.e., that sampled the same paleosol facies), to
investigate the impact of the latest Paleocene thermal maxi-
mum and the earliest Wasatchian immigration event on the
local mammalian community structure. Even though this
approach may result in fewer localities, it provides some
guarantee that any observed faunal changes are not due to
taphonomic differences. Indeed, Clyde and Gingerich (1998)
were able to demonstrate that short-term climatic change and
its associated immigration event had a sudden and long-term
effect on the Bighorn community structure.

An important consideration of sampling is stratigraphic
control in fossil assemblages. Time-averaging can inflate
species richness when taxa that may actually be separated by
tens or hundreds of thousands of years are considered to be
part of the same community. This creates a problem when
comparing with modern assemblages, which are essentially
sampling a single point in time. In order to fully appreciate
faunal and environmental change through time, it is neces-
sary to have tight stratigraphic control and to sample as small
of a temporal unit as possible when conducting community
analyses. One of the best examples of this is the examination
of faunal and environmental change through the Siwalik
Formation of northern Pakistan by Barry et al. (2002). By
dividing the five-million-year interval (10.7–5.7 Ma) into
100-Kyr units, they were able to demonstrate a high level of
background turnover in the Siwalik record along with brief
and irregularly-spaced turnover pulses likely due to climatic
and environmental factors. Without this fine-grained control
of temporal resolution, it would not have been possible to
demonstrate so conclusively the lack of environmental and
faunal stasis in the Siwalk record.

Further Considerations and Future
Directions

A Dynamic Biome

In community structure analysis and other faunal-based
methods of paleoenvironmental reconstruction, we are using
ecological information derived from animals as a proxy for
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the vegetation structure that was present. We are, in effect,
assuming that mammalian community structures in similar
biomes are convergent regardless of their location in time
and space can be distinguished based on the fauna (and their
adaptations). However, biomes are dynamic entities, chan-
ged by temporal, geographic and scale-dependent events that
also change the structure of the associated mammalian
communities.

Temporal factors: Temporal changes in the climate and
physical environment occur over ecological (days to mil-
lennia) and geological (orbital to tectonic) time frames; floral
and faunal communities have to adjust to these changes
(Overpeck et al. 2003). The circadian response of vegetation
to daily differences in the amount of solar energy can be
observed as the movement of leaves or the opening and
closing of flowers, for example, but it is change that occurs
on a longer time scale that can impact on paleoenviron-
mental reconstruction.

Within decadal and centennial time frames, primary or
secondary succession of vegetation alters plant species
composition of the biome and, as a result, mammalian
community structure. For example, after a disturbance to a
forested area, whether by storm, wildfire, or some other
event, pioneering species invade the new area quite rapidly
and begin a new succession of plants and animals. The
animals are often r-selected species early on, but more
K-selected animals eventually inhabit the forest as the suc-
cession continues (Pianka 1970). Thus, within a relatively
short time span, the faunal community structure can change
in the same geographic location, and this may impact pale-
oenvironmental reconstruction.

Climatic events, like ice ages, can cause millennial
changes in vegetation (Overpeck et al. 2003; Hessler et al.
2010). Pollen records from both marine and terrestrial sed-
iment cores demonstrate that during the last glacial period, as
a result of global temperature change, cold- and
warm-adapted plant species altered their distributions
(Overpeck et al. 2003; Hessler et al. 2010). As plant com-
position and the biomes gradually change, mammalian
communities respond to these changes by regional- or
continental-scale migration, extinction, or by subspecies-
level selection (Overpeck et al. 2003), often resulting in a
shift in community structure.

Larger changes in biomes occur over geological time
scales, both at the orbital and tectonic levels. The orbital
level, which spans 10,000 to 100,000 years, includes
glacial-interglacial cycles and relates to the orbital forces
described by Milankovitch (Ruddiman 2007). These cycles
have repeatedly formed and broken up biomes, causing
extinction and speciation events in both plant and

mammalian communities. Some biomes in the past have no
present-day equivalent. Biomes are also affected by plate
tectonics and continental drift. These changes take millions
of years and cause major changes in biomes by creating new
mountain ranges, opening and closing water courses, and
altering global climatic conditions. At this scale, mammalian
communities can change drastically in species composition
and community structure as they are shaped by major
extinction and speciation events (Janis 1993).

Geographic factors: Geography is significant for the evo-
lution of biomes and their associated mammalian fauna.
Both latitudinal and altitudinal change or the presence of a
continental or island environment alter climatic variability
and the rate of dispersion and speciation. The amount of
solar energy received is directly related to latitude; low and
mid-latitudes have high solar radiation and higher latitudes
have low solar radiation (Ruddiman 2007). Similar phe-
nomena can be observed with patterns of species richness,
which is generally higher in the tropics and lower towards
the poles. Several hypotheses have been proposed to explain
this pattern, including: (1) warm climates have faster rates of
microevolution (Gillman et al. 2009); and (2) the tropics
have more energy available in usable form, which results in
more organisms and, hence, more species (=species
richness-energy hypothesis; Brown 1981). While these have
not yet been sufficiently tested, it is clear that latitude and the
amount of solar energy have important implications for cli-
mate, vegetation and mammalian communities. A similar
pattern exists with altitude. Atmospheric temperature
decreases by 6.5°C/km as altitude increases (Coe 2009), and
this has a significant impact on the vegetation and the
associated mammalian community (e.g., Geise et al. 2004).

Other geographical factors such as the size, shape, and
type of the observed area (continent or smaller island) also
impact vegetation type and structure of the mammalian
community. Studies of island biogeography have noted that
islands closer to continents have higher species richness than
those further away, as they are easier to reach by migrating
populations (MacArthur and Wilson 1967). In addition,
larger islands have more resources than smaller ones; thus,
there is a higher probability of immigration of continental
animals (MacArthur and Wilson 1967).

Geographic scale: Changes in vegetation or mammalian
communities can also be analyzed at different geographical
scales, from the micro- to macro-level. At the macro-level,
the analyzed scale is at the continental level where local
changes are insignificant from an analytical perspective. For
example, as the climate became increasingly arid during the
Miocene, grass-dominated open habitats spread while closed
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forested areas decreased. This had a direct impact on
mammalian herbivore tooth structure, which evolved from
low-crowned (brachydont) to medium (mesodont) or
high-crowned (hypsodont) teeth in response to their chang-
ing trophic resources (Eronen et al. 2010a; Strömberg 2011).
At the meso-level, changes in vegetation and mammalian
communities are observed within continents. A change in
climate may cause the disappearance of one biome and the
appearance or increase in size of another, as was the case
during the late Pleistocene and Holocene, when the same
general climatic events affected both South America and
Africa. African mammalian communities remained almost
unchanged while those of South America changed dramati-
cally (also due in part to human activity; Cione et al. 2003;
Barnosky and Lindsey 2010; Barnosky et al. 2016), leading
to present-day faunal dissimilarities between the two conti-
nents (De Vivo and Carmignotto 2004). At the micro-level,
changes in vegetation and mammalian communities are
observed in local areas such as a specific island, mountain,
valley, or basin. For example, high levels of endemism exist
not only in the Philippine islands as a whole, but within
individual islands, as well. Repeated rising and falling sea
levels during the Pleistocene joined and separated the
Philippine islands numerous times, forming the so-called
Pleistocene island groups with unique sets of species
(Catibog-Singa et al. 2006).

Implications for community structure analysis: Most of
the above-mentioned temporal, geographic and scale-
dependant events relate to historical contingency, or the
effect of the order and timing of past events on community
assembly. Abiotic events like wildfires, floods, storms, and
earthquakes change species arrival history of a location or
area. These biotic events have different priority effects on the
order in which species arrive to the primary or secondary
succession area. Although quite often the succession may
follow an expected order, the consequences of species arri-
val history can cause differences in the structure of com-
munities, as effects are amplified over time and space via
population growth and interactions (Fukami 2015). The
results of this are that even in relatively similar environ-
ments, faunal composition can be different due to their dif-
ferent histories. This suggests that historical contingency
may be an important factor to consider when interpreting the
results of community structure analyses (see “Moving For-
ward” for more discussion and Croft 2006 for a documented
example).

Moving Forward

The more nuanced our understanding of the relationship
between a biome and its associated mammalian community

(and its ecological structure), the better we can infer past
environmental and climatic conditions based on proxies.
There is much that can be done to refine community struc-
ture analyses, thus guaranteeing ever more robust and
detailed environmental reconstructions. We suggest that
development in the following three areas would be most
beneficial to improving the methodology:

(1) Historical contingency: As discussed previously, pale-
oecological studies rely on the assumption of commu-
nity convergence and, indeed, there are general
similarities in community structure between localities of
similar latitudes on different continents in tropical and
northern (Palearctic and Nearctic) zones. Nevertheless,
this apparently only applies to broad locomotor and
dietary variables in the tropics (Lintulaakso and
Kovarovic 2016) and between extreme environments
that are similar, such as desert and steppe communities
with high levels of water stress and low complexity in
vegetation structure (Rodríguez at al. 2006). Historical
effects are likely to be responsible for demonstrated
differences between communities in similar habitats
(Losos 1996; Rodríguez et al. 2006; Graham and Fine
2008; Fukami 2015; Lintulaasko and Kovarovic 2016),
but it is not yet clear how historical contingency impacts
the application of community structure analysis to pale-
oenvironmental reconstruction or how frequently we
may simply be analyzing environments for which there
are no modern analogs (Soligo and Andrews 2005;
Semken et al. 2010). Thus, a better understanding of the
effects of historical contingency should be considered as
one of the next steps in improving the method.

(2) Heterogeneous paleoenvironments: Community
structure analysis is an excellent way of reconstructing
the spatial and trophic niches that were available to past
communities. But, it can be a coarse approximation that
forces habitats into discrete and broadly-defined cate-
gories, glossing over the nuanced differences among
them (regardless of the mechanisms that are responsible
for them). Steps are being taken to move away from
categorical habitats and environments, with greater
emphasis placed on the multidimensional spectrum of
many environments. Louys et al. (2015) outlined tech-
niques for describing habitats and environments using a
number of biotic and abiotic quantitative variables. They
calculated arboreal heterogeneity of a particular locality
in terms of the proportions of heavy, moderate,
light, and absent tree canopy cover to reconstruct
the paleoenvironment (Louys et al. 2015). The incor-
poration of a continuous multidimensional spectrum of
environmental conditions rather than a simplistic parti-
tioning of habitats into categories will be essential for-
providing a more nuanced and accurate reconstruction of
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paleoenvironment and a better understanding of the
relationship between the biome and their associated
faunal communities.

(3) Paleoclimate reconstructions: The method as it is
generally applied also lacks the ability to clearly identify
paleoclimatic factors, focusing largely on a reconstruc-
tion of the physical environment rather than climate.
However, the use of averages of ecometric traits (species
traits that are easily measurable, whose structure is
closely related to their function, and whose function
interacts directly with local environment) in communi-
ties has been shown to be connected to precise measures
of climate variables, such as the amount of precipitation
or temperature (Eronen et al. 2010b; Fortelius et al.
2016; Žliobaitė et al. 2016). These types of data allow us
to characterize physical habitats at the regional scale,
linking them specifically to primary production (For-
telius et al. 2016).

Community structure analysis is rooted in the niche
concept and the idea that faunal communities and the
adaptations of their members can provide information about
their environment. It is a powerful tool for reconstructing
paleoenvironments. While it does not rely on a single
mammalian taxon, it does incorporate ecometrics and
taxon-specific analyses (dietary and locomotor reconstruc-
tions for specific taxa) to arrive at a holistic and
community-level perspective on paleoenvironmental recon-
struction. With further development and refinement, this
methodology can help move us away from categorical
descriptions of paleoenvironments and emphasize the con-
tinuous nature of ecological variables. This will allow for
more nuanced reconstructions of paleoenvironments and a
better understanding of the relationship between biotic
communities and their environments.

Acknowledgements KK and KL gratefully acknowledge Denise Su,
Darin Croft and Scott Simpson for the invitation to participate in the
“Latest Methods in Reconstructing Cenozoic Terrestrial Environments
and Ecological Communities” symposium in Cleveland 2015. KK
sincerely thanks the organizers for support and assistance with child-
care during the symposium and for useful discussions throughout. We
also thank Peter Andrews for his continued advice and insight.

References

Alexander, R. M. (1977). Allometry of the limbs of antelopes
(Bovidae). Journal of Zoology, London, 183, 125–146.

Anderson, M. J., & Willis, T. J. (2003). Canonical analysis of principal
coordinates: a useful method of constrained ordination for ecology.
Ecology, 84, 511–525.

Andrews, P. (1989). Paleoecology of Laetoli. Journal of Human
Evolution, 18, 173–181.

Andrews, P. (1990a). Owls, caves, and fossils. Chicago: The University
of Chicago Press.

Andrews, P. (1990b). Small mammal taphonomy. In E. H. Lindsey, V.
Fahlbusch & P. Mein (Eds.), European Neogene mammal chronol-
ogy (pp. 487–494). New York: Plenum Press.

Andrews, P. (1996). Paleoecology and hominoid palaeoenvironments.
Biological Reviews, 71, 257–300.

Andrews, P., & Humphrey, L. (1999). African Miocene environments
and the transition to early hominines. In T. G. Bromage & F.
Schrenk (Eds.), African biogeography. Climate change and human
evolution (pp. 282–300). Oxford: Oxford University Press.

Andrews, P., & Nesbit Evans, E. (1979). The environment of
Ramapithecus in Africa. Paleobiology, 5, 22–30.

Andrews, P., & Van Couvering, J. H. (1975). Paleoenvironments in the
East African Miocene. In F. Szalay (Ed.), Approaches to primate
paleobiology (pp. 62–103). Basel: Karger.

Andrews, P., Lord, J. M., & Nesbit Evans, E. M. (1979). Patterns of
ecological diversity in fossil and modern mammalian faunas.
Biological Journal of the Linnean Society, 11, 177–205.

Ashley, G. M., Tactikos, J. C., & Owen, R. B. (2009). Hominin use of
springs and wetlands: paleoclimate and archaeological records from
Olduvai Gorge (1.79–1.74 Ma). Palaeogeography, Palaeoclima-
tology, Palaeoecology, 272, 1–16.

Avery, D. M. (2007). Micromammals as palaeoenvironmental indica-
tors of the southern African Quaternary. Transactions of the Royal
Society of South Africa, 62, 17–23.

Badgley, C., Bartels, W. S., Morgan, M. E., Behrensmeyer, A. K., &
Raza, S. M. (1995). Taphonomy of vertebrate assemblages from the
Paleogene of northwestern Wyoming and the Neogene of northern
Pakistan. Palaeogeography, Palaeoclimatology, Palaeoecology,
115, 157–180.

Barnosky, A. D., & Lindsey, E. L. (2010). Timing of Quaternary
megafaunal extinction in South America in relation to human arrival
and climate change. Quaternary International, 217, 10–29.

Barnosky, A. D., Lindsey, E. L., Villavicencio, N. A., Bostelmann, E.,
Hadly, E. A., Wanket, J., et al. (2016). Variable impact of
late-Quaternary megafaunal extinction in causing ecological state
shifts in North and South America. Proceedings of the National
Academy of Sciences, USA, 113, 856–861.

Barr, W. A. (2018). Ecomorphology. In D. A. Croft, D. F. Su & S.W.
Simpson (Eds.),Methods in paleoecology: Reconstructing Cenozoic
terrestrial environments and ecological communities (pp. 337–347).
Cham: Springer.

Barry, J. C., Morgan, M. E., Flynn, L. J., Pilbeam, D., Behrensmeyer,
A. K., Raza, S. M., Khan, I. A., Badgley, C, Hicks, J., Kelley,
J. (2002). Faunal and environmental change in the late Miocene
Siwaliks of northern Pakistan. Paleobiology, 28, 1–71.

Bedaso, Z. K., Wynn, J. G., Alemseged, Z., & Geraads, D. (2013).
Dietary and paleoenvironmental reconstruction using stable isotopes
of herbivore tooth enamel from middle Pliocene Dikika, Ethiopia:
implication for Australopithecus afarensis habitat and food
resources. Journal of Human Evolution, 64, 21–38.

Behrensmeyer, A. K. (1975). Taphonomy and paleoecology in the
hominid fossil record.Yearbook ofPhysicalAnthropology, 19,36–50.

Behrensmeyer, A. K. (2015). Four million years of African herbivory.
Proceedings of the National Academy of Sciences, USA, 112,
11428–11429.

Behrensmeyer, A. K., & Hill, A. P. (1980). Fossils in the making:
Vertebrate taphonomy and paleoecology. Chicago: The University
of Chicago Press.

Behrensmeyer, A. K., Damuth, J. D., DiMichele, W. A., Potts, R., Sues,
H.-D., & Wing, S. L. (1992). Terrestrial ecosystems through time:
Evolutionary paleoecology of terrestrial plants and animals.
Chicago: The University of Chicago Press.

368 K. Kovarovic et al.



Blumenschine, R. J. (1988). An experimental model of the timing of
hominid and carnivore influence on archaeological bone assem-
blages. Journal of Archaeological Science, 15, 483–502.

Blumenschine, R. J., & Peters, C. R. (1998). Archaeological predictions
for hominid land use in the paleo-Olduvai Basin, Tanzania, during
lowermost Bed II times. Journal of Human Evolution, 34, 565–607.

Blumenschine, R. J., Peters, C. R., Masao, F. T., Clarke, R. L., Deino,
A. L., Hay, R. L., et al. (2003). Late Pliocene Homo and hominid
land use from western Olduvai Gorge, Tanzania. Science, 299,
1217–1221.

Blumenschine, R. J., Masao, F. T., Stollhofen, H., Stanistreet, I. G.,
Bamford, M. K., Albert, R. M., et al. (2012a). Landscape
distribution of Oldowan stone artifact assemblages across the fault
compartments of the eastern Olduvai Lake Basin during early
lowermost Bed II times. Journal of Human Evolution, 63, 384–394.

Blumenschine, R. J., Stanistreet, I. G., & Masao, F. T. (2012b). Olduvai
Gorge and the Olduvai landscape paleoanthroplogy project. Journal
of Human Evolution, 63, 247–250.

Brown, J. H. (1981). Two decades of homage to Santa Rosalia: toward
a general theory of diversity. American Zoologist, 21, 877–888.

Campisano, C. J., & Feibel, C. S. (2007). Connecting local environ-
mental sequences to global climate patterns: evidence from the
hominin-bearing Hadar Formation, Ethiopia. Journal of Human
Evolution, 53, 515–527.

Catibog-Singa, C., Catibog, C. S., & Heaney, L. R. (2006). Philippine
biodiversity: Principles and practice. Haribon Foundation.

Cerling, T. E., & Hay, R. L. (1986). An isotopic study of paleosol
carbonates from Olduvai Gorge. Quaternary Research, 25, 63–78.

Cerling, T. E., Andanje, S. A., Blumenthal, S. A., Brown, F. H., Chritz,
K. L., Harris, J. M., et al. (2015). Dietary changes of large
herbivores in the Turkana Basin, Kenya from 4 to 1 Ma.
Proceedings of the National Academy of Sciences, USA, 112, 11467–
11472.

Cione, A. L., Soibelzon, L., & Tonni, E. P. (2003). The broken zig-zag;
Late Cenozoic large mammal and tortoise extinction in South
America. Revista del Museo Argentino de Ciencias Naturales,
Nueva Serie, 5, 1–19.

Clarke, K. R., & Warwick, R. M. (1994). Change in marine
communities: An approach to statistical analysis and interpretation.
Primer-E Ltd: Plymouth, UK.

Clarke, K. R., & Warwick, R. M. (2001). A further biodiversity index
applicable to species lists: variation in taxonomic distinctness.
Marine Ecology Progress Series, 216, 265–278.

Clyde, W. C., & Gingerich, P. D. (1998). Mammalian community
response to the latest Paleocene thermal maximum: an isotapho-
nomic study in the northern Bighorn Basin, Wyoming. Geology, 26,
1011–1014.

Coe, H. (2009). Atmospheric energy and the structure of the
atmosphere. In C. N. Hewitt & A. V. Jackson (Eds.), Atmospheric
science for environmental scientists (pp. 54–82). West Sussex:
Wiley.

Coe, M. (1980). The role of modern ecological studies in the
reconstruction of palaeoenvironments in sub-Saharan Africa. In
A. K. Behrensmeyer & A. P. Hill (Eds.), Fossils in the making:
Vertebrate taphonomy and paleoecology (pp. 55–67). Chicago: The
University of Chicago Press.

Croft, D. A. (2001). Cenozoic environmental change in South
American as indicated by mammalian body size distributions
(cenograms). Diversity and Distributions, 7, 271–287.

Croft, D. A. (2006). Do marsupials make good predators? Insights from
predator-prey diversity ratios. Evolutionary Ecology Research, 8,
1193–1214.

Croft, D. A. (2013). What constitutes a fossil mammal community in
the early Miocene Santa Cruz Formation? Journal of Vertebrate
Paleontology, 33, 401–409.

Croft, D. A., Flynn, J. J., & Wyss, A. R. (2008). The Tinguiririca Fauna
of Chile and the early stages of “modernization” of South American
mammal faunas. Arquivos do Museu Nacional, 66, 191–211.

Cushing, A. E. (2002). The landscape zooarchaeology and paleontol-
ogy of Plio-Pleistocene Olduvai, Tanzania and their implications for
early hominid ecology. Ph.D. Dissertation, Rutgers, the State
University of New Jersey.

Damuth, J., & MacFadden, B. J. (1990). Body size in mammalian
paleobiology: Estimation and biological implications. Cambridge:
Cambridge University Press.

De Vivo, M., & Carmignotto, A. P. (2004). Holocene vegetation
change and the mammal faunas of South America and Africa.
Journal of Biogeography, 31, 943–957.

Deino, A. L. (2012). 40Ar/39Ar dating of Bed I, Olduvai Gorge,
Tanzania, and the chronology of early Pleistocene climate change.
Journal of Human Evolution, 63, 251–273.

Dunn, R. E., Strömberg, C. A. E., Madden, R. H., Kohn, M. J., &
Carlini, A. A. (2015). Linked canopy, climate, and faunal change in
the Cenozoic of Patagonia. Science, 347, 258–261.

Dunn, R. H. (2018). Functional morphology of the postcranial skeleton.
In D. A. Croft, D. F. Su & S. W. Simpson (Eds.), Methods in
paleoecology: Reconstructing Cenozoic terrestrial environments
and ecological communities (pp. 23–36). Cham: Springer.

Eisenberg, J. F. (1981). The mammalian radiations: An analysis of
trends in evolution, adaptation, and behavior. Chicago: The
University of Chicago Press.

Eiten, G. (1992). How names are used for vegetation. Journal of
Vegetation Science, 3, 419–424.

Elton, C. S. (1927). Animal ecology. New York: MacMillan Co.
Eronen, J. T., Puolamäki, K., Liu, L., Lintulaakso, K., Damuth, J.,

Janis, C., et al. (2010a). Precipitation and large herbivorous
mammals II: application to fossil data. Evolutionary Ecology
Research, 12, 235–248.

Eronen, J. T., Polly, P. D., Fred, M., Damuth, J., Frank, D. C.,
Mosbrugger, V., et al. (2010b). Ecometrics: the traits that bind the
past and present together. Integrative Zoology, 5, 88–101.

Evans, A. R., & Pineda-Munoz, S. (2018). Inferring mammal dietary
ecology from dental morphology. In D. A. Croft, D. F. Su &
S. W. Simpson (Eds.), Methods in paleoecology: Reconstructing
Cenozoic terrestrial environments and ecological communities
(pp. 37–51). Cham: Springer.

Faith, J. T., Tryon, C. A., Peppe, D. J., Beverly, E. J., & Blegen, N.
(2014). Biogeographic and evolutionary implications of an extinct
late Pleistocene impala from the Lake Victoria Basin, Kenya.
Journal of Mammalian Evolution, 21, 213–222.

Fernandez-Jalvo, Y., Denys, C., Andrews, P., Williams, T., Dauphin,
Y., & Humphrey, L. (1998). Taphonomy and paleoecology of
Olduvai Bed-I (Pleistocene, Tanzania). Journal of Human Evolu-
tion, 34, 137–172.

Flagstad, Ø., Syversten, P. O., Stenseth, N. C., & Jakobsen, K. S.
(2001). Environmental change and rates of evolution: the phylo-
geographic pattern within the hartebeest complex as related to
climatic variation. Proceedings of the Royal Society B, 268, 667–
677.

Fleming, T. H. (1973). Numbers of mammal species in North and
Central American forest communities. Ecology, 54, 555–563.

Flynn, J. J., Wyss, A. R., Croft, D. A., & Charrier, R. (2003). The
Tinguiririca Fauna, Chile: biochronology, paleoecology, biogeog-
raphy, and a new earliest Oligocene South American Land Mammal
‘Age’. Palaeogeography, Palaeoclimatology Palaeoecology, 195,
229–259.

Fortelius, M. (1990). Problems using fossil teeth to estimate body sizes
of extinct mammals. In J. Damuth & B. J. MacFadden (Eds.), Body
size in mammalian paleobiology: Estimation and biological impli-
cations (pp. 207–288). New York: Cambridge University Press.

16 Mammal Community Analysis 369



Fortelius, M., Eronen, J., Jernvall, J., Liu, L., Pushkina, D., Rinne, J.,
et al. (2002). Fossil mammals resolve regional patterns of Eurasian
climate change over 20 million years. Evolutionary Ecology
Research, 4, 1005–1016.

Fortelius, M., Žliobaitė, I., Kaya, F., Bibi, F., Bobe, R., Leakey, L.,
et al. (2016). An ecometric analysis of the fossil mammal record of
the Turkana Basin. Philosophical Transactions of the Royal
Society B, 371, 20150232.

Fukami, T. (2015). Historical contingency in community assembly:
integrating niches, species pools, and priority effects. Annual
Review of Ecology, Evolution, and Systematics, 46, 1–23.

Geise, L., Pereira, L. G., Bossi, D. E. P., & Bergallo, H. G. (2004).
Pattern of elevational distribution and richness of non volant
mammals in Itatiaia National Park and its surroundings, in
southeastern Brazil. Brazilian Journal of Biology, 64, 599–612.

Gentry, A. H. (1988). Changes in plant community diversity and
floristic composition on environmental and geographical gradients?
Annals of the Missouri Botanical Garden, 75, 1–34.

Gentry, A. W., & Gentry, A. (1978). Fossil Bovidae (Mammalia) of
Olduvai Gorge, Tanzania, Part II. Bulletin of the British Museum of
Natural History (Geology), 30, 1–83.

Gillman, L. N., Keeling, D. J., Ross, H. A., & Wright, S. D. (2009).
Latitude, elevation and the tempo of molecular evolution in
mammals. Proceedings of the Royal Society of London B:
Biological Sciences, 276, 3353–3359.

Gingerich, P. D. (1989). New earliest Wasatchian mammalian fauna
from the Eocene of northwestern Wyoming: composition and
diversity in a rarely sampled high-floodplain assemblage. University
of Michigan Papers on Paleontology, 28, 1–97.

Gingerich, P. D., Smith, B. H., & Rosenberg, K. (1982). Allometric
scaling in the dentition of primates and prediction of body weight
from tooth size in fossils. American Journal of Physical Anthro-
pology, 58, 81–100.

Gould, S. J. (1975). On the scaling of tooth size in mammals. American
Zoologist, 15, 351–362.

Graham, C. H., & Fine, P. V. (2008). Phylogenetic beta diversity:
linking ecological and evolutionary processes across space in time.
Ecology letters, 11, 1265–1277.

Green, J. L., & Croft, D. A. (2018). Using dental mesowear and
microwear for dietary inference: a review of current techniques and
applications. In D. A. Croft, D. F. Su & S. W. Simpson (Eds.),
Methods in paleoecology: Reconstructing Cenozoic terrestrial
environments and ecological communities (pp. 53–73). Cham:
Springer.

Greenacre, M. J. (1984). Theory and applications of correspondence
analysis. New York: Academic Press.

Greenacre, M. J., & Vrba, E. S. (1984). Graphical display and
interpretation of antelope census data in African wildlife areas,
using correspondence analysis. Ecology, 65, 984–997.

Hanya, G., Stevenson, P., van Noordwijk, M., Te Wong, S., Kanamori,
T., Kuze, N., et al. (2011). Seasonality in fruit availability affects
frugivorous primate biomass and species richness. Ecography, 34,
1009–1017.

Happold, D. C. D. (1987). The mammals of Nigeria. Oxford: Clarendon
Press.

Harrison, J. L. (1962). The distribution of feeding habits among
animals in a tropical rain forest. Journal of Animal Ecology, 31,
53–63.

Harrison, T. (2011). Laetoli revisited: renewed paleontological and
geological investigations at localities on the Eyasi Plateau in
northern Tanzania. In T. Harrison (Ed.), Paleontology and geology
of Laetoli: Human evolution in context. Volume 1: Geology,
geochronology, paleoecology and paleoenvironment (pp. 1–15).
Dordrecht: Springer Press.

Hay, R. L. (1976). The geology of Olduvai Gorge: A study of
sedimentation in a semiarid basin. Berkeley: University of
California Press.

Hay, R. L. (1990). Olduvai Gorge: a case history in the interpretation of
hominid paleoenvironments in East Africa. In L. F. Laporte
(Ed.), Establishment of a geological framework for paleoanthro-
pology (pp. 23–37). Geological Society of America Special Paper
242.

Hessler, I., Dupont, L., Bonnefille, R., Behling, H., González, C.,
Helmens, K. F., et al. (2010). Millennial-scale changes in vegetation
records from tropical Africa and South America during the last
glacial. Quaternary Science Reviews, 29, 2882–2899.

Higgins, P. (2018). Isotope ecology from biominerals. In D. A. Croft,
D. F. Su & S. W. Simpson (Eds.), Methods in paleoecology:
Reconstructing Cenozoic terrestrial environments and ecological
communities (pp. 99–120). Cham: Springer.

Hopkins, S. S. B. (2008). Reassessing the mass of exceptionally large
rodents using toothrow length and area as proxies for body mass.
Journal of Mammalogy, 89, 232–243.

Hopkins, S. S. B. (2018). Estimation of body size in fossil mammals.
In D. A. Croft, D. F. Su & S. W. Simpson (Eds.), Methods in
paleoecology: Reconstructing Cenozoic terrestrial environments
and ecological communities (pp. 7–22). Cham: Springer.

Hutchinson, G. E. (1957). The multivariate niche. Cold Spring Harbor
Symposium of Quantitative Biology, 22, 415–421.

Hutchinson, G. E. (1959). Homage to Santa Rosalia or why are there so
many kinds of animals? The American Naturalist, 93, 145–159.

Janis, C. M. (1993). Tertiary mammal evolution in the context of
changing climates, vegetation, and tectonic events. Annual Review
of Ecology and Systematics, 24, 467–500.

Kappelman, J. (1984). Plio-Pleistocene environments of Bed I and
lower Bed II, Olduvai Gorge, Tanzania. Palaeogeography, Palaeo-
climatology, Palaeoecology, 48, 171–196.

Kappelman, J. (1988). Morphology and locomotor adaptations of the
bovid femur in relation to habitat. Journal of Morphology, 198,
119–130.

Karr, J. R. (1971). Structure of avian communities in selected Panama
and Illinois habitats. Ecological Monographs, 41, 207–233.

Kay, R. F., & Madden, R. H. (1997). Mammals and rainfall:
paleoecology of the middle Miocene at La Venta (Colombia, South
America). Journal of Human Evolution, 32, 161–199.

Kindt, R, & Coe, R. (2005). Three diversity analysis. A manual and
software for common statistical methods for ecological and
biodiversity studies. Nairobi: World Agroforestry Centre (ICRAF).

Kingston, J. D., & Harrison, T. (2007). Isotopic dietary reconstructions
of Pliocene herbivores at Laetoli: implications for early hominin
paleoecology. Palaeogeography, Palaeoclimatology, Palaeoecol-
ogy, 243, 272–306.

Kovarovic, K., Andrews, P., & Aiello, L. C. (2002). The palaeoecology
of the Upper Ndolanya Beds at Laetoli, Tanzania. Journal of
Human Evolution, 43, 395–418.

Kovarovic, K., Aiello, L. C., Cardini, A., & Lockwood, C. A. (2011).
Discriminant function analyses in archaeology: are classifications
rates too good to be true? Journal of Archaeological Science, 38,
3006–3018.

Kovarovic, K., Slepkov, R., & McNulty, K. P. (2013). Ecological
continuity between Lower and Upper Bed II, Olduvai Gorge,
Tanzania. Journal of Human Evolution, 64, 538–555.

Kurtén, B. (1952). The Chinese Hipparion fauna. Commentationes
Biological, Societas Scientiarum Fennica, 13, 1–82.

Lawesson, J. E. (1994). Some comments on the classification of
African vegetation. Journal of Vegetation Science, 5, 441–444.

Leakey, M. D. (1971). Olduvai Gorge: Excavations in Beds I and II
1960–1963 (Vol. 3). Cambridge: Cambridge University Press.

370 K. Kovarovic et al.



Leakey, M. D., & Harris, J. M. (Eds.). (1987). Laetoli: A Pliocene site
in northern Tanzania. Oxford: Clarendon Press.

Legendre, S. (1986). Analysis of mammalian communities from the late
Eocene and Oligocene of Southern France. Paleovertebrata, 16,
191–212.

Legendre, S. (1989). Les communautés de mammifères du Paléogène
(Eocène supérieur et Oligocène) d’Europe occidentale: structures,
milieux et evolution. Münchner Geowissenschafliche Abhandlun-
gen A, 16, 1–110.

Lintulaakso, K., & Kovarovic, K. (2016). Diet and locomotion, but not
body size, differentiate mammal communities in worldwide tropical
ecosystems. Palaeogeography, Palaeoclimatology, Palaeoecology,
454, 20–29.

Lomolino, M. V., Riddle, B. R., Brown, J. H., & Brown, J. H. (2006).
Biogeography. Sunderland: Sinauer Associates.

Losos, J. B. (1996). Phylogenetic perspectives on community ecology.
Ecology, 77, 1344–1354.

Louys, J. (2007). Ecology and extinction of southeast Asia’s
megafauna. Ph.D. Dissertation, University of New South Wales.

Louys, J., Travouillon, K. J., Bassarova, M., & Tong, H. (2009). The
use of protected natural areas in palaeoecological analyses:
assumptions, limitations and application. Journal of Archaeological
Science, 36, 2274–2288.

Louys, J., Meloro, C., Elton, S., Ditchfield, P., & Bishop, L. C. (2011).
Mammal community structure correlates with arboreal heterogene-
ity in faunally and geographically diverse habitats: implications for
community convergence. Global Ecology and Biogeography, 20,
717–729.

Louys, J., Meloro, C., Elton, S., Ditchfield, P., & Bishop, L. C. (2015).
Analytical framework for reconstructing heterogeneous environ-
mental variables from mammal community structure. Journal of
Human Evolution, 78, 1–11.

MacArthur, R. H., & Wilson, E. O. (1967). Theory of island
biogeography. Princeton: Princeton University Press.

Mares, M. A., & Willig, M. R. (1994). Inferring biome associations
of Recent mammals from samples of temperate and tropical
faunas: paleoecological considerations.Historical Biology, 8, 31–48.

Meloro, C., & Kovarovic, K. (2013). Spatial and ecometric analyses of
the Plio-Pleistocene large mammal communities of the Italian
peninsula. Journal of Biogeography, 40, 1451–1462.

Mendoza, M., Goodwin, B., & Criado, C. (2004). Emergence of
community structure in terrestrial mammal-dominated ecosystems.
Journal of Theoretical Biology, 230, 203–214.

Nesbit Evans, E. M., Van Couvering, J. A. H., & Andrews, P. (1981).
Paleoecology of Miocene sites in western Kenya. Journal of Human
Evolution, 10, 99–116.

Odum, E. P. (1953). Fundamentals of ecology. Philadelphia: W.B.
Saunders Company.

Odum, E. P. (1959). Fundamentals of ecology (2nd ed.). Philadelphia:
W.B. Saunders Company.

Olson, J. S., Watts, J. A., & Allison, L. J. (1983). Carbon in live
vegetation of major world ecosystems. Oak Ridge: Oak Ridge
National Laboratory.

Olson, J. S., Watts, J. A., & Allison, L. J. (1985). Major world
ecosystem complexes ranked by carbon in live vegetation: A
database. Oak Ridge: Carbon Dioxide Information Analysis
Center, U.S. Department of Energy, Oak Ridge National
Laboratory.

Overpeck, J., Whitlock, C., & Huntley, B. (2003). Terrestrial biosphere
dynamics in the climate system: past and future. In K. D. Alverson,
R. Bradley & T. F. Peterson (Eds.), Paleoclimate, global change
and the future (pp. 81–103). Berlin: Springer.

Pianka, E. R. (1970). On r-and K-selection. The American Naturalist,
104, 592–597.

Pimm, S. L., & Lawton, J. H. (1978). On feeding on more than one
trophic level. Nature, 275, 542–544.

Pineda-Munoz, S., & Alroy, J. (2014). Dietary characterization of
terrestrial mammals. Proceedings of the Royal Society B: Biological
Sciences, 281, 20141173.

Pineda-Munoz, S., Evans, A. R., & Alroy, J. (2016). The relationship
between diet and body mass in terrestrial mammals. Paleobiology,
42, 659–669.

Potts, R. (1988). Early hominid activities at Olduvai Gorge. New York:
Aldine de Gruyter.

Reed, D. N. (2007). Serengeti micromammals and their implications for
Olduvai paleoenvironments. In R. Bobe, Z. Alemseged &
A. K. Behrensmeyer (Eds.), Hominin environments in the East
AfricanPliocene:Anassessmentof the faunal evidence (pp. 217–255).
Dordrecht: Springer.

Reed, K. E. (1997). Early hominid evolution and ecological change
through the African Plio-Pleistocene. Journal of Human Evolution,
32, 289–322.

Reed, K. E. (1998). Using large mammal communities to examine
ecological and taxonomic structure and predict vegetation in extant
and extinct assemblages. Paleobiology, 24, 384–408.

Reed, K. E. (2008). Paleoecological patterns at the Hadar hominin site,
Afar Regional State, Ethiopia. Journal of Human Evolution, 54,
743–768.

Rodríguez, J. (1999). Use of cenograms in mammalian palaeoecology.
A critical review. Lethaia, 32, 331–347.

Rodríguez, J., Hortal, J., & Nieto, M. (2006). An evaluation of the
influence of environment and biogeography on community struc-
ture: the case of Holarctic mammals. Journal of Biogeography, 33,
291–303.

Ruddiman, W. F. (2007). Earth’s climate: Past and future. New York:
Macmillan.

Schick, R. S., Halpin, P. N., Read, A. J., Urban, D. L., Best, B. D.,
Good, C. P., et al. (2011). Community structure in pelagic marine
mammals at large spatial scales. Marine Ecology Progress Series,
434, 165–181.

Schrenk, F., Bromage, T. G., Gorthner, A., & Sandrock, O. (1995).
Paleoecology of the Malawi Rift: vertebrate and invertebrate faunal
contexts of the Chiwondo Beds, northern Malawi. Journal of
Human Evolution, 28, 59–70.

Scott, K. M. (1990). Postcranial dimensions of ungulates as predictors
of body mass. In J. Damuth & B. J. MacFadden (Eds.), Body size in
mammalian paleobiology: Estimation and biological implications
(pp. 301–355). New York: Cambridge University Press.

Semken, H. A., Jr., Graham, R. W., & Stafford, T. W., Jr. (2010). AMS
14C analysis of Late Pleistocene non-analog faunal components
from 21 cave deposits in southeastern North America. Quaternary
International, 217, 240–255.

Shipman, P., & Harris, J. (1988). Habitat preference and paleoecology
of Australopithecus boisei in Eastern Africa. In F. E. Grine (Ed.),
Evolutionary history of the “robust” australopithecines (pp. 343–
381). New York: Aldine de Gruyter.

Simpson, G. G. (1964). Species density of North American Recent
mammals. Systematic Zoology, 13, 57–73.

Sokal, R. R., & Rohlf, F. J. (1995). Biometry: The principles and
practice of statistics in biological research. New York: W. H.
Freeman and Company.

Soligo, C., & Andrews, P. (2005). Taphonomic bias, taxonomic bias
and historical non-equivalence of faunal structure in early hominin
localities. Journal of Human Evolution, 49, 206–229.

16 Mammal Community Analysis 371



Sponheimer, M., & Lee-Thorp, J. A. (2003). Using carbon iso-
tope data of fossil bovid communities for paleoenviron-
mental reconstruction. South African Journal of Science, 99,
273–275.

Stanistreet, I. G. (2012). Fine resolution of early hominin time, Beds I
and II, Olduvai Gorge, Tanzania. Journal of Human Evolution, 63,
300–308.

Stoetzel, E., Marion, L., Nespoulet, R., El Hajraoui, M. A., & Denys,
C. (2011). Taphonomy and paleoecology of the late Pleistocene
to middle Holocene small mammal succession of El Harhoura 2
cave (Rabat-Témara, Morocco). Journal of Human Evolution, 60,
1–33.

Strömberg, C. A. (2011). Evolution of grasses and grassland ecosys-
tems. Annual Review of Earth and Planetary Sciences, 39, 517–544.

Su, D. F. (2005). The paleoecology of Laetoli, Tanzania: Evidence from
the mammalian fauna of the Upper Laetolil Beds. Ph.D. Disserta-
tion, New York University.

Su, D. F. (2011). Large mammal evidence for the paleoenvironment of
the Upper Laetoli and Upper Ndolanya beds of Laetoli, Tanzania.
In T. Harrison (Ed.), Paleontology and geology of Laetoli:
Human evolution in context. Volume 1: Geology, geochronology,
paleoecology and paleoenvironment (pp. 381–392). Dordrecht:
Springer.

Su, D. F. (2016). The taphonomy and paleoecology of Korsi Dora
Vertebrate Locality 1, Woranso-Mille Study Area, Ethiopia. In Y.
Haile-Selassie & D. F. Su (Eds.), The postcranial anatomy of
Australopithecus afarensis: New insights from KSD-VP-1/1 (pp. 25–
37). New York: Springer.

Su, D. F., & Haile-Selassie, Y. (in press). Mosaic habitats at
Woranso-Mille (Ethiopia) during the Pliocene and implications
for Australopithecus paleoecology. In S. Reynolds & R. Bobe
(Eds.), African paleoecology and human evolution. Cambridge:
Cambridge University Press.

Su, D. F., & Harrison, T. (2007). The paleoecology of the Upper
Laetoli Beds at Laetoli. In R. Bobe, Z. Alemseged &
A. K. Behrensmeyer (Eds.), Hominin environments in the East
AfricanPliocene:Anassessmentof the faunal evidence (pp. 279–313).
Dordrecht: Springer.

Su, D. F, & Harrison, T. (2015). The paleoecology of the upper Laetolil
Beds, Laetoli, Tanzania: A review and synthesis. Journal of African
Earth Sciences 101, 405–419.

Su, D. F., Ambrose, S. H., Degusta, D., & Haile-Selassie, Y. (2009).
Paleoenvironment. In Y. Haile-Selassie & G. WoldeGabriel (Eds.),
Ardipithecus kadabba: Late Miocene evidence from the Middle
Awash, Ethiopia (pp. 521–547). Berkeley: University of California
Press.

Thibault, K. M., & Brown, J. H. (2008). Impact of an extreme climatic
event on community assembly. Proceedings of the National
Academy of Sciences, USA, 105, 3410–3415.

Thibault, K. M., White, E. P., & Morgan Ernest, S. K. (2004).
Temporal dynamics in the structure and composition of a desert
rodent community. Ecology, 85, 2649–2655.

Townsend, K. E. B., Rasmussen, D. T., Murphey, P. C., & Evanoff, E.
(2010). Middle Eocene habitat shifts in the North American western
interior: A case study. Palaeogeography, Palaeoclimatology,
Palaeoecology, 297, 144–158.

Van Couvering, J. A. H. (1980). Community evolution in East Africa
during the late Cenozoic. In A. K. Behrensmeyer & A. P. Hill
(Eds.), Fossils in the making: Vertebrate taphonomy and paleoe-
cology (pp. 272–298). Chicago: The University of Chicago Press.

Voorhies, M. R. (1969a). Sampling difficulties in reconstructing late
Tertiary mammalian communities. Proceedings of the North
American Paleontological Convention, Part E, pp. 454–468.

Voorhies, M. R. (1969b). Taphonomy and population dynamics of an
early Pliocene vertebrate fauna, Knox County, Nebraska. Laramie:
University of Wyoming.

Warton, D. I., & Hui, F. K. (2011). The arcsine is asinine: the analysis
of proportions in ecology. Ecology, 92, 3–10.

Warwick, R. M., & Clarke, K. R. (1995). New ‘biodiversity’ measures
reveal a decrease in taxonomic distinctness with increasing stress.
Marine Ecology Progress Series, 129, 301–305.

Western, D., & Behrensmeyer, A. K. (2009). Bone assemblages track
animal community structure over 40 years in an African savannah
ecosystem. Science, 324, 1061–1064.

White, F. (1983). The vegetation of Africa: A descriptive memoir to
accompany the Unesco/AETFAT/UNSO vegetation map of Africa.
Paris: Unesco.

White, T. D., Ambrose, S. H., Suwa, G., Su, D. F., DeGusta, D.,
Bernor, R. L., et al. (2009). Macrovertebrate paleontology and the
Pliocene habitat of Ardipithecus ramidus. Science, 326, 87–93.

Williams, S. E., Marsh, H., & Winter, J. (2002). Spatial scale, species
diversity, and habitat structure: small mammals in Australian
tropical rain forest. Ecology, 83, 1317–1329.

Wilson, V. J. (1975). Mammals of the Wankie National Park. Museum
Memoirs of the National Museums and Monuments of Rhodesia, 4,
1–147.

Vrba, E. S. (1980). The significance of bovid remains as indicators of
environment and predation patterns. In A. K. Behrensmeyer &
A. P. Hill (Eds.), Fossils in the making: Vertebrate taphonomy and
paleoecology (pp. 247–271). Chicago: The University of Chicago
Press.

Yodzis, P. (1984). How rare is omnivory? Ecology, 65, 321–323.
Žliobaitė, I., Rinne, J., Tóth, A. B., Mechenich, M., Liu, L.,

Behrensmeyer, A. K., et al. (2016). Herbivore teeth predict climatic
limits in Kenyan ecosystems. Proceedings of the National Academy
of Sciences, USA, 113, 12751–12756.

Zuur, A. F., Leno, E. N., & Smith, G. M. (2007). Analysing ecological
data. New York: Springer.

372 K. Kovarovic et al.


	16 Mammal Community Structure Analysis
	Abstract
	Introduction
	Ecological Theory: The Underpinning of Community Structure Analysis
	The Niche Concept
	Mammalian Adaptations to the Niche
	Community Structure
	Significance for Understanding Paleoecology

	Paleoenvironmental Reconstruction
	Extant Comparative Sample Selection
	Fossil Assemblage Suitability
	Ecovariable Categories
	Multivariate Statistics for a Multivariate Problem

	Strengths of Community Analysis
	An All-Inclusive Approach
	“Taxon-Free”: Ecology Versus Species Diversity
	Time and Space

	Analytical Challenges
	Locality Size and Habitat Homogeneity
	Defining and Assessing Paleospecies
	Taphonomy and Sampling

	Further Considerations and Future Directions
	A Dynamic Biome
	Moving Forward

	Acknowledgements




