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ABSTRACT.—Ecometrics is the quantitative study of functional traits at  the community level, and the 
environmental sorting of those traits at  regional and continental scales. Functional traits are properties of 
organisms that have a direct  physical or physiological relationship to an underlying quality of the 
environment, which in turn has indirect links to broader environmental factors such as temperature, 
precipitation, elevation, atmospheric composition, or sea level. When the same environmental factor 
affects the performance of many taxa, ecometric sorting is the result. Ecometric patterns in trait 
distributions across space and through time are therefore a product  of biogeographic sorting, evolution, 
and extinction driven by changes in Earth systems. We review concepts associated with ecometrics, with 
examples that illustrate how trait-based approaches differ from taxon-based methods, how ecometrics can 
be used to study Earth-life transitions in the fossil record, and how ecometrics can be used to compare 
Earth-life transitions that  differ in temporal or geographic scale. This paper focuses on the climatic and 
biome changes of the Great  Plains of North America during the Miocene, when grasslands came to be the 
dominant vegetation type, and of the Anthropocene of the American Midwest, which saw extensive 
landscape changes in the nineteenth century.

INTRODUCTION

Changes in Earth’s biota are closely linked to 
changes in Earth systems. Tectonics, weathering 
and sedimentary transport, the chemical 
composition of the atmosphere and oceans, 
climate, sea level, microbial metabolic pathways, 
terrestrial vegetation, and animal life have 
feedbacks that  link them in important  and 
sometimes unexpected ways (Webb and Bartlein, 
1992; Patzkowsky and Holland, 2012). The 
interactions between organisms and Earth systems 
have been studied in many ways—taxonomic 
diversity; rates of evolution and extinction; 
changes in organismal complexity, abundance, 
and geochemistry; geographic distributions and 
climate; taphonomy and sequence stratigraphy—
all of which have deepened our understanding of 
mass extinctions, changes in diversity, the impact 
of organisms on Earth systems, evolutionary 
patterns and process, and macroecological history. 
 In this paper, we describe ecometric 
approaches to Earth-life transitions (see Textbox 1 
for a glossary of italicized terms). Ecometrics is 

the quantitative study of functional traits at  the 
community level and the environmental sorting of 
those traits at regional and continental scales 
(Eronen et  al., 2010a; Polly et  al., 2011). 
Environmental factors that impact  the 
performance of all members of a community, such 
as mean annual temperature or precipitation, are 
the focus of ecometrics because these factors are 
likely to affect  the distribution of traits within and 
between local communities across space and 
through time. Ecometrics thus serves as a taxon-
free tool for studying biotic responses to climatic 
and environmental change, or for estimating the 
state of the paleoclimate or paleoenvironment 
from the traits in fossil assemblages. For traits 
that can be measured in fossils, ecometrics can be 
applied equally to living or extinct  faunas thus 
allowing the rich historical record of Earth-life 
transitions provided by paleontology and geology 
to be connected with contemporary data on 
organisms and environments critical to ecology 
and climate change biology. 
 This paper reviews ecometric concepts, 
describes conceptual and methodological 
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differences between traits and taxa, explores an 
example of trait change in the fossil record, 
discusses the interpretation of ecometric trait data, 
and how ecometric methods can be used to 
contextualize Anthropocene biotic changes with 
the historical baselines available in the fossil 
record. Examples are drawn from vertebrate 
morphology, and highlight three Earth-life 
transitions from the late Cenozoic: the spread of 

grasslands in the Miocene of the Great  Plains, the 
glacial-interglacial cycles of the late Pleistocene, 
and the deforestation of eastern North America 
during the Anthropocene. These examples span a 
period during which global temperatures declined 
from comparatively stable hothouse conditions in 
the Miocene to cycling ice house conditions in the 
Quaternary, when ice caps grew, starting in 
Antarctica and culminating in the great 
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TEXTBOX 1.——Glossary.

 Community.—As used here,  community refers to a local assemblage of species without any a priori 
assumption whether ecological interactions among its members give it special coherence or emergent properties. 
In ecometrics, community is frequently applied to a subset of species that shares a trait of interest, such as the 
community of vertebrates or the community of large herbivores. Community may also refer to assemblages at 
any one of several geographic scales, such as local, regional, or continental communities. Ecometric analysis 
often involves regular sampling of local communities through space or time without any a priori assumption 
adjacent communities will be ecologically distinct. Fossil assemblages are also referred to as communities,  with 
the usual caveats about time averaging and taphonomic bias.
 Community assembly.—The rules and processes by which species come to be assembled in a community 
(Diamond,  1975). The sorting of species based on a shared functional trait state into a common environment is 
one such process. 
 Ecometric correlation.—The correlation between traits in local communities (the trait mean, variance, 
maximum, or other summary statistic) and a climatic or environmental factor. The coefficient of determination 
(R2) has frequently be used to measure the correlation (Polly, 2010).
 Ecometric space.—A mathematical space whose axes are variables that summarize the distribution of traits 
within a community (Lawing et al., 2012). Each point in the space corresponds to a particular combination of trait 
values.  More than one trait can be used to construct the space by adding axes, such as vertebrate limb traits and 
leaf shape traits. Environmental or climatic variables such as vegetation cover or climate can be plotted in the 
ecometric space by sampling them over a wide geographic area (or through time) and then plotting them by the 
trait values of the local communities.
 Ecometric trait.—A quantitative trait that has a functional relationship with one or more environmental or 
climatic factors. Ecometric traits are especially useful when the mean, standard deviation, maximum or other 
measure of the trait’s distribution in a local community is influenced by its functional relationship with the 
environment. 
 Ecometrics.—The quantitative study of the relationship between functional traits and environmental factors 
across space or through time (Eronen et al., 2010a). The basic unit of analysis is the distribution of functional 
traits in the local community (trait mean, variance, range, maximum, etc.) paired with the local value of a 
relevant climatic or environmental factor. The relationship between the traits and environmental factors across 
many local communities is one way of measuring the response of communities to environmental change or 
estimating paleoenvironment from the traits preserved in a local fossil assemblage.
 Functional trait.—An anatomical, behavioral, or physiological property of an organism that has a direct 
functional relationship to the performance of the organism within its local environment (McGill et al. 2006). 
Performance currency.—A measurable summary of the relative performance of a trait in different environments 
(McGill et al., 2006). 
 Taxon-free.—Any approach to the study of the relationship of organisms to their environment that focuses on 
the functional properties of the organisms rather than their taxonomic identity (Damuth et al., 1992). Taxon-free 
methods do not focus on properties of taxa in the ways that ecological niche modeling or environmental index 
taxa do, but instead focus on functional properties that can be inferred directly from a trait state without regard to 
which taxon possesses it.  While taxon-free methods can be applied without reference to low-level taxonomy, no 
method is entirely taxon-free because functional traits always have a phylogenetically limited scope at some level 
(Andrews and Hixson, 2014). The distribution of body masses within and between communities (cenograms) to 
study habitat openness is an early example of a taxon-free method for vertebrates (Legendre, 1986).
 Traits and trait states.—For the purposes of ecometrics,  a trait is a functional feature of an organism and a 
trait state is a particular value of that trait. For example, if body mass is the trait, then a particular mass like 50 kg 
is a trait state.  Unless a distinction is being made between states, ‘trait’ is often used to refer generally to both the 
trait and its states. 



continental ice sheets of the northern hemisphere, 
and tectonic uplifts and continental movements 
changed oceanic and atmospheric circulation 
patterns on global and regional scales (Fig. 1).

WHAT IS ECOMETRICS?

Ecometric approaches are founded on the concept 
of functional traits, the characteristics with which 
organisms interact  with their environments: 
membranes, leaf stomata, locomotor morphology, 
root  systems, holdfasts, shell thickness, and body 
size. A functional trait has a direct, mechanistic 
link to a specific aspect of an organism’s 
environment—e.g., protection against cold 
temperature, processing tough foodstuffs, warding 
off attacks by predators, osmoregulation in fresh 
water—and is therefore likely to perform better in 
some environments than others (Textbox 2; Fig. 
2). Importantly for ecometrics, functional traits 
are likely to play a role in community assembly by 
sorting organisms with similar traits into similar 
environments. For example, members of an Arctic 
tundra community are all likely to share 
functional traits that allow them to endure cold, 

dry conditions, but  are unlikely to have traits 
specialized for climbing in trees. Functional traits 
play key roles not  only in the response of 
organisms to their abiotic environments, but also 
to one another as with prey capture, predator 
evasion, or species recognition (Vermeij, 1987; 
Werner and Peacor, 2003; Schmitz et  al., 2004; 
Kunstler et al., 2012). The study of functional 
traits has revolutionized approaches to community 
ecology through the recognition that they are 
critical filtering agents that affect  where and when 
organisms are found, and thus are key predictors 
of how communities are assembled and how they 
reassemble in response to environmental change 
(Ricklefs and Travis, 1980; Chapin, 1993; Poff, 
1997; Wright  et  al., 2005; McGill et al., 2006; 
Ackerly and Cornwell, 2007; Webb et al., 2010; 
Voille et  al., 2014; Jønsson et al., 2015; Morales-
Castilla et al., 2015). 
 An ecometric trait is a quantitative trait  that  
has a functional relationship with one or more 
environmental or climatic factors, especially 
when measured at the community level at regional 
or continental scales (Eronen et  al., 2010a; Polly 
et al., 2011). Even though the relationship 
between functional traits and environments may 
be haphazard at the level of variation within 
individual species, traits measured at the 
community level often reveal environmental 
sorting that is imperceptible or contradictory at 
the species level. Thus, ecometric traits are 
usually measured as the mean, median, standard 
deviation, range, skewness or other measure of 
dispersion of the trait  values of the species 
composing a local community. For example, the 
distribution of body masses within mammalian 
communities tends to be more bimodal in 
savannah than in closed forest  (Legendre, 1986), 
hind-limb locomotor morphology tends to be 
more varied in communities from mixed habitats 
than uniform ones (Polly, 2010), and maximum 
body size corresponds to the minimum 
temperature needed for successful metabolism in 
modern and fossil snakes (Head et al., 2009). 
 Figure 3 shows an example of ecometric 
variation in mean locomotor morphology in 
mammalian carnivore communities across North 
America. To create the ecometric map (Fig. 3E), 
local carnivore communities were sampled every 
50 km using an equidistant  point  grid, and the 
mean gear ratio of the calcaneum bone in the hind 
ankle was calculated (Textbox 2). This trait 
summarizes the lever efficiency of the hindlimb, 
which varies among major locomotion categories 
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FIGURE 1.—Overview of Late Cenozoic climatic and 
environmental change. Sea-level curve from Haq et al. 
(1987); oxygen isotope temperature curve from 
Zachos et al. (2001). 
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TEXTBOX 2.—Hind limb proportion and tooth crown height as ecometric traits.

Two functional traits are used as examples in this paper, the 
locomotor function of the calcaneum bone of the hind ankle 
in mammalian carnivorans and the dietary function of cheek 
tooth crown heights in large bodied mammalian herbivores. 
Both traits are typically well preserved in the fossil record 
and can thus be measured in either extant faunas or fossil 
assemblages.
 Mammalian locomotor specializations include 
arboreality (dwelling in trees),  scansoriality (climbing and 
scampering), cursoriality (running),  saltation (leaping or 
jumping), fossoriality (digging),  and ambulation 
(generalized terrestrial locomotion). One important 
component of these specializations is the proportion of the 
distal to proximal segments of the hind limb (metatarsals 
and femur respectively; Fig. 2A), which affects the 
mechanical advantage of the joints during the extension 
movements that provide forward propulsion. Animals with 
proportionally long distal limbs achieve a longer excursion 
of the limb per unit of muscle contraction than animals with 
proportionally short distal limbs. Long distal segments are 
typically associated with a digitigrade or unguligrade 
posture, like in dogs (Fig.  2A), in which the weight is borne 
on the toes but not the ankle in normal standing posture, 
whereas short segments are associated with plantigrade 
posture, like in humans, in which standing weight rests on 
both the ankle and toes.  The metatarsal/femur ratio is a 
commonly used index for hind limb locomotor mechanics, 
but these long bones are frequently broken in the fossil 
record; however,  a correlated index can be measured using 
the calcaneum bone, which serves as the attachment point for 
the muscles that extend the foot during locomotion (Fig. 2B); 
Polly,  2008, 2010). Species with high ratios are either 
specialized for fast paced long-distance locomotion 
(cursorial) or for springing. Species with intermediate gear 
ratio values tend to be climbers (scansorial) or swimmers 
(natatorial).  The direct functional factor underlying this trait 
is the strength and speed of forward propulsion, and the environmental factors that might affect selection on gear ratio 
include the vegetative and topographic landscape, hunting strategy, and snow cover or other substrate properties 
(Klein et al., 1987; Van Valkenburgh, 1987; Janis and Wilhelm, 1993; Harris and Steudel, 2002, 2009; Polly, 2010).
 Mammalian herbivore feeding strategies include both differential selection of softer, more nutritious materials 
from the broader spectrum of available vegetation (browsing) or less discriminate ingestion of vegetation (including 
grazers that feed almost exclusively on grasses).  The coarseness and abrasiveness of the diet therefore varies 
substantially among herbivores, but the material properties of the mammalian dentition,  which is composed of enamel, 
dentin, and cement,  are comparatively constant.  Tooth wear can thus be a limiting factor on the healthy lifespan or 
reproductive fitness of an animal, as demonstrated in lemurs by King et al. (2004). One factor that increases the 
durability of teeth is the height of the crown: the higher the crown, the more material that can be lost to wear before 
the tooth loses its ability to function Fig.  2C,D); Janis and Fortelius, 1988; Damuth and Janis, 2011).  Crown heights 
range continuously from low brachydont teeth to high hypsodont ones and have been measured using both continuous 
and categorical hypsodonty indices (e.g., Van Valen, 1960; Fortelius et al.,  2002). Hypsodonty is a derived feature that 
has evolved independently in many mammalian clades at different times in the Cenozoic, with especially notable 
increases in proportional abundance of hypsodont taxa in North America,  Africa,  and Eurasia during the Miocene 
(Janis et al., 2000, 2002, 2004; Damuth and Janis, 2011). The proximal functional factor driving selection on tooth 
crown height is abrasiveness of the diet relative to individual longevity resulting from the proportion of silica-rich 
plants in the diet, especially coarse materials in the diet,  or the abundance of grit ingested with plant material, which 
are in turn associated with indirect environmental factors such as vegetation cover, precipitation,  primary productivity, 
and volcanic activity (Stebbins, 1981; Janis and Fortelius, 1988; MacFadden and Cerling, 1994; Jardine et al., 2012).
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FIGURE 2.—Two functional trait examples: hind 
limb locomotor efficiency (calcaneum gear ratio) 
and tooth crown height (hypsodonty). A) Lateral 
view of the skeleton of a domestic dog, which has a 
digitigrade stance, showing the location of the 
femur, metatarsal, and calcaneum bones. B) Dorsal 
view of the calcaneum of a coyote, Canis latrans. 
Gear ratio is the sustentacular (sust.) length over the 
total length, which is correlated with the ratio of 
metatarsal III over femur length.  C) Lateral view of 
the skull of a horse, which has a high-crowned 
hypsodont dentition, showing the location of cheek 
teeth. Grey box shows the location in the mandible 
of a single tooth.  D) Buccal view of a hypsodont 
lower molar from an American bison, Bison bison. 



such as arboreality (tree climbing), cursoriality 
(running), and ambulation (unspecialized 
locomotion). The map demonstrates that 
locomotor morphology is not  randomly 
distributed among carnivoran morphologies, but 
that it  is strongly correlated with vegetation cover 
and biome (Polly, 2010; Polly and Sarwar, 2014). 
Tundra communities have the lowest mean gear 
ratios because their open, barren-ground habitats 
favor species with large body size such as bears, 
wolverines, and wolves, that  are either 
ambulatory or semicursorial, many of which track 
the seasonal migrations of Caribou (Walton et al., 
2001; Gau et al, 2002; Fig. 3A). The mountainous 
deserts of the southwest US and northwest 
Mexico have the highest mean gear ratios because 
their strong topographic relief creates a patchwork 
of open desert  floor, scrub hillsides, and forested 
mountaintops in close proximity, supporting a 
carnivore fauna with diverse locomotor 
specialization that includes not  only cursorial taxa 
like canids, but also ambush predators like felids, 
specialized for springing from cover onto prey 
(Fig. 3D). At the continental scale, the geographic 
pattern in average gear ratio in these communities 
is strongly correlated with vegetation cover 
(R2=0.49) and ecological province (R2=0.70), and 
within-community variation is strongly correlated 
with the historical homogeneity of local habitats 
(Polly, 2010).
 An ideal trait for ecometrics is one where its 
functional relationship to the environment has 
been empirically determined through mechanistic 
studies such as biomechanical analysis of tooth 
function, locomotory efficiency, or empirical 
studies of metabolic tolerances (Kearney and 
Porter, 2004, 2009). An example is body size in 
poikilotherms (animals whose body temperature 
is derived from the external environment). 
Metabolic theory describes the expected 
relationship between body size and ambient 
temperature in these animals, from which an 
equation can be derived that predicts the expected 
range of body sizes present in a local community 
from data on environmental temperature and 
mass-specific metabolic rate (Makarieva et  al., 
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2005). This equation can be inverted to predict 
paleotemperature from the difference in size 
between fossil and modern taxa (Head et al., 
2009, 2013; Head, 2010). The functional 
relationship between a trait  and its environment 
can also be measured using a performance 
currency that describes its relative efficiency in 
different  environments. For example, the 
hydrodynamic performance of turtle shells has 
been quantified by cross-sectional area, and their 
strength against predators has been measured 
using finite element  analysis on three-dimensional 
digital carapaces (Stayton, 2011). 
 Functional relationships can also be 
determined by studying the correlation between 
trait  and environment and inferring the underlying 
functional relationship post-hoc. For example, 
understanding the functional mechanics of 
carnivoran hind limbs is based on transferrable 
principles of muscles and levers, but  the 
relationship between mean gear ratio and 
vegetative biome described above was established 
by measuring the ecometric correlation with 
several candidate climatic and environmental 
variables (Polly, 2010). Similarly, physical 
principles and experimental studies have 
established that  molar crown height in 
mammalian herbivores (Textbox 2) is functionally 
related to dietary abrasion and is therefore a 
function of the total amount of wear experienced 
during the lifetime of an animal (Fortelius, 1985; 
Damuth and Janis, 2011); field studies have 
shown that it  affects reproductive fitness in 
relation to drought (King et al., 2004), but the 
specific relationship between hypsodonty and the 
environmental factors that affect wear, such as 
siliceous phytoliths in grass, ambient grit, and 
aridity, have largely been studied by correlation 
(reviewed by Damuth and Janis, 2011). 
 Because functional traits are linked to 
performance of an organism in a particular 
environment, they are expected to evolve by 
natural selection, although the relative 
contributions of selection, drift, ecophenotypic 
plasticity, and constraints will vary from trait to 
trait  and taxon to taxon (Hoffmann and Merilä, 
1999; Lahti et al., 2009; Polly et  al., in press). For 
example, body size has an important  functional 
relationship with a number of environmental 
variables, including temperature (McNab, 1990; 
Makarieva et al., 2005), and is affected by a 
variety of genetic and non-genetic factors, the 
balance of which varies even between 
environments in the same species (Merilä and Fry, 

1998). The strength of selection for large or small 
body size and the trade-off between competing 
selective factors is also known to vary between 
species, sexes, and age classes (Blanckenhorn, 
2000). For example, evolutionary changes in both 
body size and mean date of parturition in response 
to changing season length have been shown to 
involve changes in both plastic response and 
heritable response to natural selection in squirrels 
(Réale et  al., 2002). The expectation that 
performance affects selection on functional traits 
provides the theoretical underpinnings for the 
expectation that paleoenvironment can be 
reconstructed from ecometric traits. 
 Ecometric patterns on continent-sized 
landscapes arise dynamically from a complex 
history of geographic sorting, adaptive evolution, 
and extirpation that is closely intertwined with 
both the phylogenetic history of the groups 
involved and changes in environment at local and 
global scales (Polly et al., in press). Ecometrics is 
therefore closely tied not  only to community 
ecology, but also to evolution and phylogenetics 
because traits evolve in response to changing 
environmental circumstances. Functional traits 
may be shared by common ancestry or may have 
evolved homoplastically, varying from trait  to 
trait  and taxon to taxon. The sorting of species 
into communities based on functional traits may 
therefore occur not  only through the ecology of 
geographic ranges, but  also by macroevolutionary 
processes such as species sorting and clade 
turnover (Damuth, 1985; Westoby et  al., 1995; 
Webb 2002; Jablonski, 2008; Ackerly and 
Cornwell, 2007; Hunt and Rabosky, 2010; Webb 
et  al., 2010). Many examples of sweeping biotic 
change in Earth’s history—the oxygenation of the 
atmosphere, escalation of external skeletons, the 
conquest of land, evolution of one-toed horses—
involved trait-environment interactions that 
transformed the characteristics of organisms at 
global scales through processes of community 
assembly, trait evolution, phylogenetic radiation, 
and extinction. 

TRAITS VERSUS TAXA

Ecometrics is a form of taxon-free analysis for 
paleoenvironmental reconstruction. Taxon-free 
methods focus on environmentally relevant 
properties of organisms instead of environmental 
tolerances of individual species—it is often 
difficult to know the latter, but  the former can be 
observed directly or indirectly in the fossil record 
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(Damuth et al., 1992). Species richness patterns, 
body size distributions in local communities, and 
functional morphology of indicator species have 
all been used as taxon-free indicators (Reed, 
2013; Andrews and Hixson, 2014). The methods 
are referred to as “taxon-free” because they focus 
on functional relationships to the environment 
based on principles that  can be transferred to 
extinct  taxa without needing to study their 
ecology directly, and because conclusions derived 
from functional trait  data do not  usually depend 
on correct  species-level taxonomic identification. 
For example, accuracy of reconstructing the body 
size of an extinct member of a fossil community 
can be estimated from the scaling relationship 
between mass and tooth size regardless of 
whether it belonged to an African lion, Panthera 
leo, or an extinct European jaguar, Panthera 
gombaszoegensis , but the predator-prey 
relationships in the same fauna cannot be directly 
known except in unusual circumstances because 
these two felids probably partitioned prey species 
unpredictably between them. Nevertheless, taxon-
free methods, including ecometrics, are never 
truly independent of the taxonomic hierarchy 
because:1) the phylogenetic scope of all traits is 
limited to a finite group of taxa (teeth, for 
example, are only found in vertebrates), 2) most 
approaches analyze patterns at  the species level 
(even though the identity of the species need not 
be known), and 3) traits in a fossil assemblage are 
often tabulated from incomplete remains using 
taxon-based inferences based on complete 
remains of the same taxon from another site 
(Andrews and Hixson, 2014). Nevertheless, 
taxon-free approaches seek to maximize the 
information that can be derived directly from 
remains preserved in fossil assemblages and 
minimize extrapolations from other sources based 
on taxonomy. 
 More importantly than whether ecometrics is 
taxon-free is its focus on specific functional links 
to particular environmental factors. One trait, 
such as calcaneum gear ratio, may link to 
locomotor style and then to vegetation cover, but 
another trait, such as molar crown height, may 
link to dietary abrasion and then to the grittiness 
of the environment. Each trait  relates to a 
different  aspect of the paleoenvironment and the 
combination of traits varies from community to 
community, and even from taxon to taxon. One of 
the overarching goals of ecometrics is to study 
paleoenvironment, which is inherently complex, 
by partitioning it  into separate environmental or 

climatic factors that can be functionally linked to 
specific traits. Ecometrics therefore focuses on the 
history of the trait  and a particular environmental 
factor. 
 In contrast, a taxon-based approach 
necessarily amalgamates the many traits that 
make up a whole organism and the many factors 
that influence the geographic and temporal 
distribution of a taxon. For example, the presence 
of turtle or crocodilian taxa in fossil faunas has 
been used to estimate minimum paleotemperature 
based on knowledge from the Modern of the 
lowest  temperatures in which these poikilotherms 
are able to maintain viable populations (e.g., 
Ulrich, 1956; Markwick, 1994, 1998a, 1998b; 
Böhme, 2003, 2008, 2010). This approach has 
unquestionable merits, but  by focusing on taxa 
rather than traits, it sacrifices precision because 
the presence of a taxon is influenced by many 
factors and because the temperature tolerances of 
extinct  species may be modified by traits not 
shared by their living relatives. In contrast, body 
size of reptiles has a direct functional relationship 
with ambient temperature via metabolic processes 
that sustain growth, so paleotemperature estimates 
based on minimum and maximum body sizes are 
more direct than ones derived from simple 
presence of the taxon (Head et  al., 2009; Head, 
2010). 
 The focus on traits in ecometrics is therefore 
conceptually different than a focus on taxa. Here, 
we illustrate the differences between working 
with taxa and traits using two examples of 
quantitative, probabilistic links between 
organisms and environment, the first based on the 
distribution of a taxon, the jaguar, in relation to 
climate, and the second based on distributions of 
traits in local communities of carnivorans in 
relation to vegetation. One of the important 
distinctions between taxa and traits is the 
distinction between niche space and ecometric 
space. If the niche of a species is the volume it 
occupies in a hyperdimensional space whose axes 
are the environmental variables relevant  to its 
survival, as was conceived by Hutchinson (1957), 
then functional traits are the mechanisms that 
constrain the species’ distribution along each axis 
of niche space and collectively circumscribe its 
viable habitat. Many taxon-based approaches are 
based on the concept  of niche space, whereas 
ecometric approaches are based on the concept  of 
trait spaces. 
 The first example illustrates how the niche 
space of a species, in this case the Jaguar, 
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Panthera onca, can be used to estimate climate. 
This example is derived from ecological niche 
modeling (ENM; also known as species 
distribution modeling), which uses the geographic 
range of a species to estimate its Grinnellian or 
climatic niche, the climate space occupied by the 
species, which is in turn used to estimate the 
geographic distribution of the species under a 
different  climate regime, such as the paleoclimate 
of the last glacial maximum or a future climate 
predicted based on anthropogenic change (Nix, 
1986; Peterson, 2001; Svenning et al., 2011). This 
taxon-based approach has been successfully 
extended to extinct species using paleoclimate 
proxy data (Maguire and Stigall, 2009; Myers et 

al., 2015), and has been inverted to estimate 
paleoclimate in the Late Pleistocene from the 
climatic niches of species that are still extant 
(Polly and Eronen, 2011). 
 First, consider the geography of mean annual 
temperature (MAT) and annual precipitation in 
North America (Fig. 4A,B). When these climate 
parameters are sampled every 50 km, their 
distribution can be plotted in a climate space as a 
histogram (Fig. 4C). When normalized, this 
distribution can be thought as the probability for 
climate, P(climate), where P stands for 
probability, describing the expected value of 
MAT  and annual precipitation at  a randomly 
chosen point in North America. In today’s climate 
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that point is more likely to be cold and dry than 
hot and wet. 
 Next, consider the geographic range of the 
jaguar, which is currently distributed in Mexico 
and Central America (Fig. 4D). Sampling the 
climate across the taxon’s range and normalizing 
gives the probability distribution of finding a 
jaguar given a particular combination of MAT and 
precipitation, P(jaguar | climate) (Fig. 4F). The 
probability of encountering a jaguar where MAT 
is 20° C and precipitation is 500 mm/yr, for 
example, is high. This distribution provides a 
forward model for how the geographic range of 
jaguar is likely to be influenced by climate given 
the data at hand, presuming that  climate is a 
limiting factor for this species. This forward 
model could be used to predict occurrences of 
jaguar based on climate data, which makes a 
probabilistic version of an ecological niche 
model. This model can be inverted to predict 
climate from occurrences of jaguar using Bayes’ 
Theorem (Box and Tiao, 1992): 
P(climate | jaguar) = P(jaguar | climate) * 
P(climate) / P(jaguar) (Fig. 4G). This inverse 
model is a type of transfer function that allows the 
occurrences of the species to serve as a proxy for 
the two climate variables. The marginal 
distributions in Fig. 4H-I give the probability of 
MAT  or annual precipitation where a jaguar is 
found, either in the modern world or a fossil site. 
A similar approach was used by Polly and Eronen 
(2011) to estimate paleoclimate from joint 
occurrences of fossil taxa, and it is closely related 
to earlier methods used by Hokr (1951) for 
mammals and Grandjouan et al. (2000) for pollen. 
 While this taxon-based approach has many 
strengths, its use for reconstructing paleoclimate 
limited by the fact that the jaguar’s distribution is 
influenced by factors in addition to temperature 
and precipitation. Indeed, the jaguar’s range has 
contracted in response to human interference, 
having once occurred at  least sporadically as far 
north as the shores of Lake Erie in Ohio and as far 
east as the Allegheny Mountains of Pennsylvania 
(Rafinesque, 1832). It  is also limited by 
taxonomic scope, because the climatic niche of 
jaguar does not necessarily extend to extinct  taxa, 
even closely related ones (Hadly et al., 2009; 
Lawing and Polly, 2011; Stigall, 2011). The 
method cannot, therefore, be applied easily in 
deep time.
 In a second example, we show how functional 
traits in local communities (in this case, 
locomotor traits in mammalian carnivores) can be 

used to estimate vegetation cover. The concept  of 
an ecometric space is fundamental to this 
example: this simple ecometric space has two 
axes that describe the means and standard 
deviations of traits in local communities (Fig. 5). 
The ecometric space represents the distributions 
of communities in trait  space, which can be 
contrasted with the niche space that represents the 
distribution of a species in environmental or 
climatic space (Lawing et al., 2012). Locomotor 
traits in carnivoran communities are functionally 
related to vegetation cover and topography 
because locomotor specializations, such as 
arboreality or cursoriality, perform better in one 
kind of habitat than another (Textbox 2). 
 Consider the locomotor morphology of the 
four carnivoran communities shown in Fig. 3. 
They can be plotted in ecometric space based on 
the mean and standard deviation of the calcaneum 
gear ratios of their member species (Fig. 5A). 
This procedure can be repeated for as many local 
communities as desired, and in this case, by 
sampling every 50 km across the entire continent. 
Each local community occurs in a vegetation 
biome like grasslands scrub, desert, cold 
deciduous forest, etc. (Fig. 5C). The vegetation 
data used here are from historical biomes prior to 
anthropogenic landscape changes (Matthews, 
1983), and carnivore occurrence data represent 
historical distributions ca. 1900 AD (Patterson et 
al., 2005). Any one of these vegetation types can 
be plotted in the ecometric space and normalized, 
as in in Fig. 5B, to give the probability of finding 
a vegetation type given a particular locomotor 
trait  distribution in a local community, 
P(deciduous forest | traits). Similar probability 
distributions can be obtained for each of the nine 
vegetation formations in these data and, from 
those, the most probable vegetation cover can be 
estimated for each occupied point  in the ecometric 
space by maximizing the likelihood across 
vegetation types (Fig. 5C). 
 These ecometric probability distributions can 
be used to estimate vegetation from traits in local 
communities. For example, the locomotor traits of 
the carnivores from Lynch, Nebraska, which is at 
the edge of the Niobrara River valley on the Great 
Plains, suggest  grassland as the most likely 
vegetation (P=0.46), which is correct. Note that 
the traits alternatively suggest  meadow (P=0.23) 
or cold evergreen forest (P=0.23) with lower 
probabilities. Tundra, in contrast, is has a very 
low probability of occurring at  Lynch given its 
carnivore traits (P=0.00). 
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 Vegetation for the entire continent  can be 
reconstructed accordingly from the traits and 
compared to modern vegetation to cross-validate 
the accuracy of the prediction. The historical 
vegetation of North America (Fig. 5D) is shown 
alongside the reconstruction of vegetation from 
locomotor traits (Fig. 5E). The two maps are 
broadly similar, although they differ in detail, 
especially in the heterogeneous vegetative 
environments of the basin and range sections of 
the intermountain west. Agreement  between the 
real vegetation and the reconstruction can be 
assessed with the Kappa statistic, which is a 
measure of point-by-point  similarity between the 
maps that ranges from 1.0 when there is perfect 
agreement  and 0.0 when the agreement is no 
greater than expected by chance (Monserud and 
Leemans, 1992). Kappa for the ecometric 

reconstruction is 0.536, which is considered “fair” 
to “good,” and is similar to the accuracy achieved 
by the first global vegetation models based on 
plant physiology, climate, and soil types where 
K=0.53–0.59 (Prentice et al., 1992). 
 While ecometric reconstructions have 
weaknesses, one of their strengths lies in their 
focus on the functional links between traits and 
environment. The success of carnivoran limb 
proportions for reconstructing vegetation patterns 
comes from their functional role in maneuvering 
animals through their environments, which is 
related to the diversity of locomotor challenges in 
forests, grasslands, tundra, and desert. Limb 
proportions might  also be indirectly correlated 
with annual precipitation and mean annual 
temperature, but only because vegetation cover 
varies with these climate variables. Like traits, the 
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distributions of taxa like the jaguar may also have 
a reasonable correlation with vegetation cover 
(because jaguar limb proportions perform better 
in some biomes than others) and with mean 
annual temperature via their pelage and other 
temperature regulating traits, but a taxon’s 
distribution emerges from a complex trade-off 
among the many traits and factors that define its 
niche. 

TRAITS IN THE FOSSIL RECORD: TOOTH 
CROWN HEIGHT AND THE SPREAD OF 

GRASSLANDS IN THE MIOCENE OF 
NORTH AMERICA

A key application of ecometrics is the study of 
changing climates and environments through 
time. Functional traits preserved in the fossil 
record provide directly observable evidence for 
the ecometric state of communities at  specific 
times and places in the geological past (with the 
usual caveats about taphonomic biases and 

temporal or spatial averaging, all of which can 
and should be taken into account). If the 
functional relationship of the traits to the 
environment is understood, then change in 
ecometric patterns through time or across space 
can be used as proxies for change in the 
paleoenvironment (Fortelius et  al., 2002, 2014; 
Eronen et al., 2010a; Polly et al., 2011). 
 Here, we present  an example of changes in 
tooth crown height in Miocene mammalian 
herbivores of the North American Central Great 
Plains. The Great Plains experienced change in 
precipitation, sedimentation, and volcanic ash 
driven by tectonic activity farther to the west, and 
by a turnover in herbivore dental traits from 
mostly low-crowned browsers to dominantly 
high-crowned grazers (Janis et  al., 2000, 2002; 
Eronen et al., 2010c, 2015; Textbox 3). We 
specifically focus on the Nebraska record, which 
has yielded a particularly rich sequence of 
sediments, ash layers, plant macrofossils, 
phytoliths, vertebrate faunas, and stable isotope 
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TEXTBOX 3.—Miocene climate and the central Great Plains.

The Miocene was a transitional period in global climate, a comparatively warm period between the preceding 
Oligocene and the subsequent Quaternary.  A sequence of climatic events occurred during the Miocene that are 
known most completely from stable isotope data that record deep-sea temperatures and atmospheric pCO2 
(Flower and Kennett, 1993, 1994; Zachos et al., 2001, 2008; Kürschner et al.,  2008; Figs. 1,  6). The middle 
Miocene climatic optimum (MMCO) was a period of renewed global warming from ~17-15 Ma when global 
mean air temperatures were approximately 2oC higher than today, based on estimates assuming atmospheric 
pCO2 of 450 ppm (Kürschner et al., 2008), and when sea surface temperatures in the southern oceans were about 
17.0±1.2oC (Shevenell et al., 2004). Afterward global climates cooled during the Middle Miocene climate 
transition (MMCT) from 14.2-13.8 Ma with the formation of the east Antarctic ice sheet, marking the beginning 
of the accelerating decline in global temperatures that became more pronounced during the Quaternary (Zachos et 
al.,  2001, 2008).  The mechanisms driving ice sheet growth are controversial and may include changes in ocean 
circulation combined with orbital forcing (Shevenell et al., 2004) and decreasing atmospheric pCO2 (Kürschner et 
al., 2008; Tipple et al., 2010). 
 In the central Great Plains, Miocene environments made a made a transition from warm, relatively wet 
woodland-savannah ecosystems during the early to mid Miocene changing to cooler, more seasonal open 
grassland ecosystems by the beginning of the Pliocene. The timing and extent of this transformation are the 
subject of ongoing research in vertebrate paleontology, paleobotany, especially with the use of phytolith and 
pollen data,  and stable isotope geochemistry. These proxies and their conflicts are discussed in detail in the main 
text. 
 Vertebrate communities also changed on the Miocene of the Great Plains. Browsers with low crowned 
bunodont teeth dominated the mammalian herbivore communities in the early Miocene, with an increase in 
grazers by the mid Miocene whose numeric diversity remained relatively constant through the late Miocene while 
the number of browsers declined (Janis et al., 2000,  2002). The mid Miocene mammal communities included an 
extraordinary number of browsing herbivore species, more than found even in tropical forest today, which may 
have been supported by especially high primary productivity in the warm environments around the MMCO (Janis 
et al., 2004).  Turnover in mammalian carnivores saw a proportional increase in the number of digitigrade 
cursorial taxa through the Miocene, especially among the canids, with pursuit hunting strategies dominating 
ecosystems of the late Miocene (Wang,  1993), a transformation that occurred later than the origins of cursoriality 
in herbivores (Janis and Wilhelm, 1993).
 Chapter 8 of this volume discusses post-Miocene changes in climate, environment, and vertebrate faunas of 
the Great Plains during the Pliocene and Quaternary (Fox et al., 2015). 



proxies (Fig. 6). This record is used to evaluate 
how well changes in average tooth crown height 
in mammalian herbivores tracks the underlying 
environmental factors that  are expected to affect 
it. Crown height is the selectional byproduct of 
the average dental abrasion experienced during 
the lifetime of an animal (Textbox 2), which in 
turn is related to external environmental factors 
that affect the amount  of abrasive food in the diet, 
as discussed below. First  proxy evidence for 
paleoenvironmental changes on the Great  Plains 
is reviewed, then used to evaluate ecometric 
changes. 

Proxies for environmental change on the  Great 
Plains
Evidence for vegetation shifts on the Great Plains 

include 13C isotopes that  serve as proxy for the 
presence of C4 photosynthesis pathways (Passey 
et al., 2002; Fox and Koch, 2003), plant 
macrofossils (e.g, Leopold and Denton, 1987), 
and phytoliths (Strömberg 2002, 2004; Strömberg 
and McInerney, 2011, see Edwards et  al., 2010, 
for review). C4 photosynthetic pathways, which 
were favored globally in the late Miocene by the 
increasing frequency of water-stressed and/or hot 
environments and by lower atmospheric pCO2, 
fractionate carbon so that tissues become enriched 
in 13C, which in turn is transferred from 
vegetation to the mineral in bones and teeth 
through biogenic processes, and to carbonate 
nodules in soil through pedogenic processes. The 
isotopic fractionation recorded in these minerals 
can be recovered with stable isotope geochemistry 
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and used to reconstruct  the amount of C4 
vegetation in the local area (e.g., Cerling and 
Quade, 1993). Based on 13C values from fossil 
equid tooth enamel from Nebraska, Passey et al. 
(2002) found the earliest unambiguous evidence 
for grasses in the diet of horses to be in the late 
Hemphillian North American Land Mammal Age 
(NALMA), ca. 6.6 Ma (black dots in Fig. 6D). 
The soil record is consistent  with the timing of 
this shift, suggesting that C4 plant  abundance 
remained relatively constant at about 12–34% of 
the total biomass until ~6.4 Ma, at  which time it 
started increasing toward the modern levels of 
50–100%, which it reached by 2.5 Ma (Fox and 
Koch, 2003) (blue lines in Fig. 6D). Similar C4 
percentages of 10–30% were found in soils farther 
south in Kansas from the Clarendonian through 
Hemphillian NALMAS (Fox et al., 2012b). 
 Paleobotanical data provide independent lines 
of evidence for vegetation changes. Phytoliths, 
which are microscopic silica structures produced 
by many plants, including grasses of the family 
Poaceae, are frequently preserved in paleosols 
(Strömberg, 2004) and have been used to 
reconstruct  vegetative changes in the Miocene of 
the Great  Plains. A simple index (“FI t-ratio”) that 
measures the relative abundance of forest 
indicator phytoliths as a percentage of the total 
number of identifiable elements suggests that tree 
cover was about  41–45% in the earlier Miocene 
(Arikareen through Hemingfordian) and 
decreased from ~46% in the late Barstovian (14 
Ma) to ~16% by the late Hemphillian (6 Ma) 
(Strömberg, 2004; Strömberg and McInerney, 
2011), suggesting a persistent history of 
woodlands on the Great Plains landscape prior to 
the late Miocene that agrees with the isotopic 
evidence in the timing of the shift, but  not 
necessarily in its magnitude (Fig. 6E). Leaves and 
pollen confirm that  the vegetation prior to 12 Ma 
consisted of deciduous hardwood forests 
intermixed with prairie, with forests becoming 
isolated in valleys by 10 Ma as grasslands and 
scrub spread on the higher plains, leaving only 
riparian trees by the end of the Miocene (Leopold 
and Denton, 1987). 
 Volcaniclastic input can be an important 
source of environmental grit. The overall 
sequence of deposition shifted from volcaniclastic 
material derived from tectonic activity in northern 
Colorado in the early Miocene to alluvial 
weathering products from the Rocky Mountains 
that filled valleys and leveled the landscape from 
the middle Miocene onwards (Swinehart  et al., 

1985). Sedimentary volcanic glass concentrations 
dropped from ~28% to ~7% during this interval as 
active tectonic regimes moved farther west 
(Swinehart et  al., 1985). Discrete ash falls 
occurred with fairly constant  frequency 
throughout the Nebraska sequence (Tedford et  al., 
2004; Fig. 6C). Unfortunately, no proxies for 
aeolian dust  or other sources of environmental grit 
are available for the Great Plains Miocene (but 
see Soreghan et al., 2015 [Chapter 4 of this 
volume] for discussion of how dust  cycles can be 
reconstructed in deep time).
 Climate in the form of mean annual 
temperature (MAT) and annual precipitation 
affects primary productivity, vegetation cover 
(drier climates favor grasslands over forests), and 
the amount of ambient grit. Proxies that have been 
used to study climate in the Central Great Plains 
include biogenic and pedogenic oxygen isotope 
temperature indictors (Passey et  al., 2002, Fox 
and Koch, 2004), paleosol precipitation indicators 
(Retallack, 1997), and plant precipitation 
indicators (Leopold and Denton, 1987). Few 
isotopic studies have been conducted for the 
earlier part of the Miocene prior to the Barstovian 
NALMA, but  18O depletion is recorded in tooth 
and paleosol carbonates from the Barstovian 
through Clarendonian (Passey et  al., 2002, Fox 
and Koch, 2004). Depletion of 18O in soils likely 
reflects an unknown combination of decreasing 
temperatures, increasing soil moisture, and 
increasing precipitation (Fox and Koch, 2004; 
Fox et al., 2012a), thus this pattern suggests that 
mean annual temperatures decreased on the Great 
Plains after the Middle Miocene Climatic 
Optimum in parallel to changes in global 
temperature (Figs. 1, 6D,F). Oxygen isotopes do 
not provide absolute estimates of temperature 
because of confounding factors such as soil water 
and metabolic fractionation (Passey et al., 2002, 
Fox and Koch, 2004). A cooling trend is also 
suggested by biogenic oxygen isotopes and the 
taxonomic disappearance of poikilotherms such as 
Alligator and cryptobranchid salamanders from 
the Central Great  Plains (Tihen and Chantell, 
1963; Voorhies, 1971; Passey et al., 2002). 
 Estimated patterns of precipitation during the 
Miocene vary from proxy to proxy. Paleosol data 
suggest  that it  got wetter starting at 300–600 mm 
per year in the early to mid Miocene and 
increasing to 500–750 mm per year by the early 
Pliocene (Retallack, 1997). Fossil leaves and 
pollen suggest the opposite, with a gradual 
reduction in annual precipitation from ~1000 mm 
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in the mid Miocene to 500 mm by the Pliocene 
(Leopold and Denton, 1987). Estimates from 
molar crown heights of large herbivores, suggest  a 
decline from 1500 mm in the mid Miocene to 
500–750 mm by the Pliocene (Janis et al., 2004), 
although more recent  estimates using similar data 
suggest  that the late Miocene was wetter with 
~1200 mm of precipitation per year (Fraser and 
Theodor, 2012). Tooth proxies are discussed 
below.
 Generally, these proxies agree that  the Great 
Plains experienced a reduction of woodlands, 
expansion of grasses, and local extirpation of 
large fully aquatic polikilotherms by the Late 
Miocene, all of which are consistent  with 
increasing aridity and seasonality from the middle 
Miocene onward. Some evidence is ambiguous, 
however. The depletion of pedogenic 18O during 
this interval could indicate cooling temperatures, 
but would also be consistent  with increasing soil 
moisture. Vegetation proxies agree that grasslands 
became more dominant  at the end of the Miocene, 
but the phytolith and pedogenic carbon isotope 
proxies provide seemingly conflicting information 
about the amount of woodland cover in the earlier 
part of the Miocene, with phytoliths suggesting 
higher proportion of woodland than the isotopes 
do (although it is questionable whether the 
percentages estimated by the two methods can be 
compared in absolute terms because they measure 
such different things). The timings of global 
climatic events and regional environmental 
changes on the Great Plains do not perfectly 
coincide, as seen by comparing the global data in 
Fig. 6A-B with the regional data in Fig. 6D-E, but 
both are consistent in showing pronounced 
changes in the later Miocene. Despite the 
conflicts, the overall pattern of environmental 
change was from warm, relatively wet  woodland-
savannah ecosystems in the early to middle 
Miocene followed by progressive shifts toward 
cooler, more seasonal, open-grassland ecosystems 
through the Clarendonian and Hemphillian 
NALMAS, with a pronounced shift toward C4-
dominated grasslands at the end of the Miocene 
(Fig. 6).

Ecometric change in herbivore crown heights
The paleoenvironmental picture provided by these 
proxies provides a context for exploring 
ecometric changes in ungulate tooth crown height. 
The relationship between traits and environmental 
change is explored both by comparing the trend in 
mean tooth crown height  to the other proxies and 

then by comparing the paleoenvironmental 
parameters that  have been estimated from tooth 
crown height in the literature. 
 Tooth crown height, like many ecometric 
traits, has a direct  functional relationship with an 
immediately underlying factor and several 
indirect relationships to other more distant 
environmental factors (Fig. 7). Fundamentally, 
tooth crown height evolves as a function of 
natural selection related to the dietary abrasion 
experienced during an animal’s lifetime (Janis and 
Fortelius, 1988; King et al., 2004). The total 
amount of abrasion in the diet  of a large herbivore 
depends on its lifespan and the abrasive content of 
its food, the latter of which is directly determined 
by the quality of its foodstuffs and amount of 
environmental grit that is ingested along it. Some 
vegetation types are more abrasive than others, 
including most  grasses because they produce 
hard, microscopic, siliceous phytoliths (see 
Strömberg, 2004). The quality of vegetation 
available to an animal and the amount  of grit on it 
are indirectly affected by many factors, most 
importantly precipitation (wetter climates tend to 
support  woodlands rather than grasslands and 
frequent  precipitation tends to wash away grit and 
to keep it from blowing), volcanics (which serve 
as a source of abrasive airborne grit  that  can 
blanket vegetation), and primary productivity 
(which affects the diversity and abundance of 
vegetation) (Janis and Fortelius, 1988; Damuth 
and Janis, 2011). All of these factors had the 
potential to influence tooth crown height in the 
Miocene of the Great Plains. The trade-offs 
between them have the potential to produce 
confounded or seemingly conflicting signals from 
ecometric analysis, but also have the potential to 
track the changing influence of the associated 
environmental factors through time if the proper 
controls are available (Fig. 7). 
 Overall, mean tooth crown height  increased 
through the Miocene of Nebraska, a trend that 
generally tracks the loss of soft  browse due to the 
expanse of grasslands and the increase in aridity 
suggested by soil carbonates and paleobotanical 
properties, but does not follow either the increase 
in precipitation suggested by paleosols nor the 
decline in volcaniclastic sediments that could be a 
source of environmental grit (Fig. 6E). Tooth data 
are from Janis et al. (2000), who reported, on a 
site-by-site basis, the occurrence of brachydont, 
mesodont, or hypsodont taxa. These were 
tabulated by scoring each category with 1, 2, or 3 
respectively, following Fortelius et  al. (2002) and 
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then calculating the mean for each Nebraska site, 
from which, the mean for each time interval was 
calculated to produce the trend line in Fig. 6E. 
The increase in crown height  starts earlier and 
increases more steadily than the transition to 
grassland ecosystems, which appears to have 
started slowly, with the real switch occurring in 
the latest Miocene from the Hemphillian onwards, 
as implied by phytoliths and soil carbonate 
isotopes, and by the contemporaneous appearance 
of C4 plants in the diets of horses as indicated by 
tooth enamel isotopes. The hypsodonty trend 
generally follows the more gradual transition 
toward aridification implied by plant fossils, but 
runs counter to the transition toward moister 
environments implied by paleosols.
 Changes in hypsodonty were examined 
closely by Janis et al. (2004), who showed that 
after peaking in the mid Miocene, the absolute 
number of high-crowned taxa actually declined at 
the time when grasslands were putatively 
expanding most  rapidly. In contrast, low-crowned 
browsers declined steadily from the early 
Miocene onwards. These authors argued that 
browsing taxa were more numerous in mid 
Miocene ecosystems of the Great Plains than in 
any modern ecosystem, even tropical forest. They 
concluded that aridification and grassland 
expansion were only part  of the explanation for 
the turnover between browsers and grazers, and 
that part of the change was driven by changes in 
primary productivity driven by changes in 
atmospheric pCO2 (Janis et  al., 2002, 2004). They 
argued that the warm temperatures and high pCO2 

in the mid Miocene increased ecosystem 
productivity and favored an increase in diversity 
in browsers, thus changing their proportion 
relative to grazers. Furthermore, the number of 
grazers declined in the late Miocene despite the 
expansion of grasslands because lower primary 
productivity was unable to support as many taxa. 
If correct, the interaction between changes in 
productivity, aridity, and grassland expansion 
would have had a trade-off effect  on mean 
hypsodonty because increase in productivity 
toward the mid Miocene would have tended to 
increase the proportion of low-crowned taxa, and 
thus lower mean crown height, at least  partially 
canceling out  trends toward greater aridity and 
more grasslands, both of which would have 
favored higher-crowned taxa (Fig. 7B). In the 
later Miocene, the balance between these factors 
would have shifted so that  decline in productivity, 
increase in aridification, and expansion of 
grasslands would have all favored higher-crowned 
taxa. 
 The shift in balance between the underlying 
factors cannot be detected by simply looking at 
the change in mean tooth crown height through 
the Miocene, which emerges from the 
contribution of all three factors, as illustrated in 
Fig. 7B. Thus, even though ecometrics aims to 
focus on individual traits that  have a clear 
function in the life of the organism, the biology 
and ecology must  be considered when drawing 
interpretations about paleoenvironments from 
ecometric data. The overall trend in molar crown 
height through the Miocene no doubt reflects 
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changes in the average abrasiveness of the diets of 
herbivores, but it  does not  perfectly reflect  any of 
the indirect environmental factors. 
 With such trade-offs in mind, we will review 
paleoenvironmental reconstructions that are based 
on ecometric data, specifically paleoprecipitation 
estimates derived from tooth crown height. 
Regardless of how many factors influence crown 
height, there is a demonstrable correlation 
between mean hypsodonty and precipitation in 
extant  mammals (Janis et al., 2004; Eronen et al., 
2010b, 2010c; Fraser and Theodor, 2012). The 
relationship in extant  taxa can be used to estimate 
precipitation in the geological past. Using a 
logarithmic regression, Janis et  al. (2004) found 
that literal interpretation of fossil hypsodonty data 
would suggest that  mid Miocene precipitation was 
as much as 1500 mm, declining to 500–750 mm 
by the late Miocene. They concluded that 1500 
mm was far too high to be realistic based on other 
paleoenvironmental evidence (for comparison, the 
modern Gulf Coast receives about 1500 mm per 
year). Using virtually identical but  unlogged data, 
Fraser and Theodor estimated even higher 
precipitation values of ~1200 mm per year in the 
late Miocene (7.1–6.3 Ma). For comparison, the 
modern grasslands of Nebraska receive ~600 mm 
per year. Some tropical grasslands can receive as 
much as six times that amount, but  these include 
ecosystems like the flooded grasslands of the 
Florida everglades.
 To compare the fit  of these ecometric 
predications to our other proxies, we applied 
Fraser and Theodor’s (2012) regression equation 
to the series of crown height data from the 
Nebraska Miocene described above (Fig. 6F):

                         Eq. (1)

where AP is annual precipitation and PH is the 
proportion of hypsodont  taxa within a fossil 
community. Note that proportion of hypsodont 
taxa is not  the same as mean hypsodonty, but the 
two are strongly correlated because the 
hypsodonty index used was calculated from data 
categorized into brachydont, mesodont, and 
hypsodont. Because there were no hypsodont  taxa 
in the Nebraska localities prior to 13.5 Ma, we 
omitted the earlier part  of the section from this 
estimate. As with Janis et al.’s (2004) logarithmic 
regression, these data show a sharp but more 
linear decline in precipitation from middle to late 
Miocene and, as would be expected, yield similar 

values in late Miocene to Fraser and Theodor 
(2012). 

INTERPRETING ECOMETRIC PATTERNS

The Miocene example illustrates both the 
usefulness of ecometric approaches and the 
complexities of trait-environmental correlations. 
Change in mean tooth crown height generally 
followed the trend of environmental change 
through the last  half of the Miocene, but it did not 
track any individual component of change 
precisely. The steady upward trend in hypsodonty 
paralleled some proxies for aridification of the 
Great Plains, but attempts to estimate the actual 
amount of paleoprecipitation based on the modern 
relationship between hypsodonty in extant  faunas 
and local precipitation produces values that  are 
arguably too high, suggesting that the correlation 
between hypsodonty and precipitation on the 
Miocene Great Plains was different than it is 
today (Janis et  al., 2004). Furthermore, the two 
published estimates for precipitation in the late 
Miocene differ considerably because of 
differences in the choice of transfer function. Like 
hypsodonty, most  ecometric traits are likely to 
have a complex direct  or indirect relationship to 
more than one environmental factor, even if they 
are chosen for the specificity of their functional 
relationship. Most traits are likely to have a 
network of indirection functional relationships 
like the one diagrammed in Fig. 7. Not  only is the 
ecometric value likely to change over time and 
space, but so too is the relative contribution of 
each environmental factor to the mean. For 
example, aridity and primary productivity seem to 
be the two most important  factors relating to 
hypsodonty in the Miocene of the Great  Plains, 
but influxes of volcanic grit appear to play an 
important  role in the spread of hypsodonty in the 
middle Eocene of South America, more than 20 
Ma before the late Neogene increase in tooth 
crown heights elsewhere in the world (Strömberg 
et  al., 2013). In the case of tooth crown height, 
dietary abrasion and longevity are probably the 
only direct functional factors that are important, 
but other traits, such as body mass, may have a 
functional relationship to a large number of direct 
and indirect  factors. The possible effects of trade-
offs between these factors should be considered 
when interpreting ecometric patterns. Even the 
applicability of functional factors may vary over 
time, or between taxa. For example, in 
homeothermic vertebrates, body size can have an 
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inverse relationship to ambient  temperature 
because the scaling of surface area to volume 
impedes small-sized animals from retaining body 
heat (e.g., McNab, 1971, 1990), but in 
poikilothermic vertebrates, body size tends to be 
positively correlated with ambient  temperature 
because the latter tends to regulate the metabolic 
processes that are necessary for growth (e.g., 
Makarieva et al., 2005; Head et al., 2009). 
 The ecometric correlation between traits and 
any one of the underlying environmental factors 
will therefore have varying degrees of fit  through 
time and space. Even in cases where the trait is 
selectively optimized to only one environmental 
factor, its ecometric fit to that factor may be 
affected by processes such as migration, gene 
flow, intensity of local selection, heritability, and 
probability of extirpation (Polly et  al., in press). 
Modeling experiments have shown how trade-offs 
between these processes can lead to either a high 
ecometric correlation between traits at  the 
communi ty level and the i r under ly ing 
environmental factor, or a poor correlation in 
which the trait  values at many locations are far 
from their local selective optimum, a situation 
referred to as “ecometric load” in analogy to the 
genetic load of populations whose allele 
frequencies are far from the selective optimum 
(Polly et  al., in press). Such factors may also 
mean that the fit  of traits to environment may be 
suboptimal if there is a lag in selective response 
or if trait-sorting lags behind environmental 
change, especially if the rate of environmental 
change is fast or the magnitude of change is 
small. On evolutionary timescales, the ecological 
and developmental costs of trait  evolution may 
limit  the trait-environmental relationship to 
performance levels that  are ‘adequate’ for 
survival, but  not optimal with respect to a 
predictive correlation (Gans, 1993).
 W h e n u s i n g e c o m e t r i c t r a i t s f o r 
paleoenvironmental reconstruction, these issues 
should be considered carefully. Ideally, the full 
network of functional relationships between trait 
and environment  should considered and methods 
adopted that either control for trade-offs, such as 
the series of analyses conducted by Janis et al. 
(2004) to determine which factors best  explained 
the large number of brachydont taxa in the mid 
Miocene, or by quantitative techniques such as  
path analysis that partition variance in ecometric 
traits among several proxies for relevant 
paleoenvironmental factors. The regression tree 
approach used by Eronen et  al. (2010b, 2010c) 

allows information from multiple functional 
factors to be used in making paleoenvironmental 
predictions from traits.

HISTORY MATTERS: TRAITS AND THE 
PACE OF ANTHROPOCENE CHANGE

We conclude with an example of how ecometrics 
can be used to compare Anthropocene changes 
directly to the baseline of information about 
Earth-life transitions in the fossil and geological 
records. Humans are changing the Earth at  an 
extraordinary rate by transforming landscapes for 
agriculture and human settlement, changing the 
atmospheric composition, altering ocean 
chemistry, and reaping and exterminating 
organisms from the natural world. The outcomes 
of anthropogenic change over the coming century 
are of mounting concern, with great  uncertainty 
about their likely scale and consequences. The 
fossil and geological records contain historical 
information about  the outcomes of past episodes 
of climatic and environmental change ranging 
from ordinary background processes to 
extraordinary global events such as the extinction 
at  the Permian–Triassic boundary that  wiped out 
nearly 90% of life’s diversity. Anthropogenic 
changes fall somewhere in between—but where? 
Ecometrics provides a common framework in 
which trait responses to environmental change at 
different scales can be compared. Here, 
ecometrics are used to compare faunal changes 
that occurred over the course of the last full 
glacial-interglacial cycle to changes associated 
with the deforestation of the American Midwest  in 
the nineteenth century (Textbox 4). 
 This example uses the same carnivoran hind-
limb traits and vegetation from our earlier 
examples (Figs. 2, 3, 5). The geographic ranges 
used to construct  those ecometric patterns are 
based on the distributions of species ca. 1900 AD 
(Patterson et al., 2005). Prior to 1800 AD, the pre-
ag r i cu l tu ra l ca rn ivo ran communi ty o f 
Bloomington, Indiana, would have also included 
bobcat  (Lynx rufus), mountain lion (Puma 
concolor), black bear (Ursus americanus) and 
perhaps fisher (Martes pennanti) and spotted 
skunk (Spilogale putorius) (Jackson, 1997; 
Whitaker and Mumford, 2008). Some taxa, such 
as the mountain lion and bear, were purposefully 
exterminated; others, such as the fisher, lost 
ground as their forest habitats disappeared. As the 
landscape opened, other species moved in, adding 
the coyote (Canis latrans) to Bloomington’s 
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carnivore fauna by the late nineteenth century 
(Moore and Parker, 1992).
 The ecometric effect of that anthropogenic 
transformation can be plotted in the same 
ecometric space we used to reconstruct vegetation 
(Fig. 8A). The local trait  variance at Bloomington 
dropped dramatically between 1800 AD and 1900 
AD, but the trait  mean remained roughly the 
same. The loss of plantigrade, ambulatory bears 
and the digitigrade, springing mountain lion and 
bobcat drove the reduction in trait  variance, but  so 
did the loss of species with intermediate traits. 
The ecometric mean did not change with 
deforestation and extermination as much as the 
variance because the species left at Bloomington 
were an ecometrically representative sample of 
the earlier fauna, albeit  with less variance, 
consistent with rarefaction results that  show that 
random or size-linked loss of carnivoran species 
does not  affect  their ecometric locomotor means 
(Polly and Sarwar, 2014), and because the 
immigration of digitigrade, open-habitat  coyotes 
partially offset the reduction in ecometric mean 
caused by the loss of digitigrade, closed-habitat 
springers. The ecometric signatures of both the 

1800 AD and 1900 AD faunas are consistent with 
a deciduous forest biome. The 1900 AD landscape 
at  Bloomington, which is in the rugged southern 
part of Indiana, was less devastated than 
elsewhere in the state, but its deciduous forest 
signature is actually stronger than the 1800 AD 
fauna because the latter falls in the center of the 
ecometric space where several vegetation types, 
including meadow, grassland, and cold evergreen 
forest, are found with reasonable frequency. The 
strength of the 1900 AD signal may have less to 
do with vegetation than with anthropogenic 
decimation due to deforestation, as discussed 
below.
 Startlingly, the ecometric change between the 
last interglacial (ca. 125 Ka) and 1800 AD was 
much smaller than the change from 1800AD to 
1900 AD (Fig. 8A). Late Quaternary climate has 
cycled between glacial and interglacial conditions 
approximately every 100 Ka. Currently, Earth is 
in an interglacial phase, separated by a glacial 
cycle from the last interglacial optimum, which 
occurred during marine isotope stage (MIS) 5e, 
~125 Ka. The carnivore fauna at Bloomington 
during the last interglacial is recorded at  the 
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TEXTBOX 4.—Anthropogenic change in the Midwestern United States

North American ecosystems are in a state of rapid flux as human populations have swelled and transformed its 
landscapes. The American Midwest,  which was once covered by the vast eastern deciduous forest, was largely 
cleared for agriculture in the nineteenth century. 
 In 1800 AD, more than 87% of Indiana,  for example, was covered in closed canopy forest,  with another 6% 
covered in forested wetlands (Lindsey et al., 1965). Canopy height averaged as much as 40 m in the southern 
Wabash lowlands, dotted with immense bald cypress (Taxodium distichum) and tulip trees (Liriodendron 
tulipifera) that exceeded 60 m in height (Ridgway, 1872; Butler,  1895).  The virgin forest was described in 1895 
by Amos Butler, then President of the Indiana Academy of Sciences, as “heavy timber whose limbs met and 
branches were so interwoven that but occasionally could the sunlight find entrance. Mile upon mile, days journey 
upon days’ journey, stretched these gloomy shades amid giant columns and green arches reared by nature through 
the centuries of time” (Butler, 1895, p. 31). 
 Between 1800 AD and 1870 AD a massive 64% of the state was cleared by settlers,  whose population 
swelled in that interval from about 2,000 to nearly a million. By 1870 AD they had cleared 94,000 square 
kilometers of forest, about 58,000 trees a day, mostly by girdling and burning (Jackson, 1997). Deforestation 
continued into the early twentieth century and by 1910 only about 7% of the state remained forested. Triggered 
by problems with soil erosion and emigration from the state, serious conservation efforts began in the 1930s with 
the establishment of Hoosier National Forest. Forest now covers about 20% of Indiana (Jackson, 1997). 
 Many vertebrate species disappeared during the deforestation. The Passenger pigeon and Carolina parakeet 
both became globally extinct, and turkey, wolf, black bear, mountain lion, fisher, bison, white-tailed deer, 
porcupine, beaver, and others were extirpated from Indiana. (Jackson, 1997; Whitaker and Mumford, 2008). 
Other species have increased in abundance or expanded their ranges into the state. Deer, which were not 
numerous before 1800 AD, were reintroduced in the 1930s and now flourish in the absence of mountain lion 
predators in the modern mixed habitats of agricultural and suburban landscapes (Hurley et al., 2012). Eastern 
cottontail rabbit and red fox have also increased in abundance in the agricultural savannahs, and the coyote and 
armadillo expanded their ranges into the state in the late nineteenth and early twenty-first century, respectively 
(Moore and Parker, 1992; Taulman and Robbins, 2014). 
 Chapter 1 of this volume discusses Quaternary environmental changes and the impact of humans on the 
megafaunal extinctions at the end of the Pleistocene (Marshall et al., 2015).



Harrodsburg Crevice site (Parmalee et  al., 1978; 
Munson et al., 1980; Smith and Polly, 2013). 
Taxonomically, the last  interglacial carnivore 
community was quite different: in addition to 
wolf, striped skunk, mink, grey fox, red fox, 
bobcat, and black bear, it  contained the extant 
spotted skunk and jaguar along with the extinct 
dire wolf (Canis dirus) and saber-toothed cat 
(Smilodon fatalis). However, the ecometric 
composition of this fauna was similar to the 1800 
AD fauna of the current  interglacial (Fig. 8A). 
The vegetation in southern Indiana was probably 

similar to the pre-anthropogenic vegetation of the 
current interglacial, although it is unclear whether 
prairies might have extended farther east into the 
state breaking up the deciduous forest  (Zhu and 
Baker, 1995). The ecometric pattern at 
Bloomington must  have changed radically 
through the intervening glacial cycle, but the large 
carnivore fauna of the Midwest  during the last 
glacial is poorly known so direct  comparisons 
cannot be made. Nevertheless, the signal from the 
interglacials is similar despite the taxonomic 
turnover associated with the late Pleistocene 
extinction that permanently removed the dire wolf 
and saber-tooth cat, which is also consistent with 
rarefaction experiments that simulated the effects 
of the late Pleistocene extinction on ecometric 
patterns in carnivorans (Polly and Sarwar, 2014). 
 The magnitude of the nineteenth century 
anthropogenic change is remarkable in 
comparison to the small difference between the 
two interglacials. The loss of functional trait 
diversity due to anthropogenic extermination and 
anthropogenic landscape change was greater than 
the loss to the late Pleistocene extinction event. 
Viewed as a marker of ecosystem function, 
functional trait  diversity is a key concern for land 
management and conservation policy (Mace et  al., 
2012). Change in land use does not  inevitably 
result in a reduction of functional trait diversity 
(Mayfield et  al., 2010), but here, both the 
extermination of large carnivores by hunting and 
the loss of smaller species from landscape 
transformation are due to growth of agricultural 
land-use. The ecometric reduction in carnivore 
locomotor diversity is associated with changes in 
ecosystem function. The loss of springing ambush 
predators (mountain lion and lynx) is an important 
contributing factor to the reduction of functional 
trait  diversity in the Bloomington fauna. Those 
species prey on herbivores, notably deer and 
rabbit, both of which were rare in the deciduous 
forests of Indiana in 1800 AD (Jackson, 1997; 
Whitaker and Mumford, 2008), but  are now 
overabundant  in southern Indiana and across the 
Midwest, and are having a profound impact on 
vegetation cover (Hurley et al., 2012). Our data 
are too few and too coarse to pursue the ecometric 
details of the carnivore-herbivore-plant 
relationship further, but this example illustrates 
how ecometrics can serve as a baseline for 
comparisons of ecosystem change in the fossil 
and modern records, and how its focus on 
functional relationships of traits allows the results 
to be interpreted within the context  of ecosystem 
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FIGURE 8.—Using ecometrics to compare biotic 
change in the Pleistocene and Anthropocene. A) 
Calcaneum gear ratio ecometric space and vegetation 
for carnivorans (from Fig. 5C) with historical 
ecometric values for the Bloomington, Indiana 
carnivoran community shown for Marine Isotope 
Stage 5e (MIS 5e; last interglacial, ca. 125 ka), 1800 
AD, and 1900 AD. Broken line shows division 
between main ecometric distribution and outlying 
communities with low ecometric variation. B) Map of 
geographic areas with low ecometric variation in 
carnivornan limb function that are hypothesized to 
have been affected by anthropogenic landscape 
alteration. 



function. 
 These data are, however, of the appropriate 
resolution to visualize the geographic scale of the 
loss of functional diversity in carnivore 
locomotion across the continent (Fig. 8B). The 
ecometric change in Bloomington’s carnivores 
between 1800 AD and 1900 AD caused the 
standard deviation to drop along the y-axis of 
ecometric space from ~0.06 to 0.03, from the 
large cloud of data in the upper right to the string 
of outliers in the lower left (Fig. 8A). The two 
islands of data in the ecometric space are notable, 
both in the plot  of cold deciduous forest  by itself 
(Fig. 5B), and for all vegetation types in North 
America (Fig. 5C). The outlying cloud at the 
bottom left of the space below the broken line 
differs ecometrically from the main cloud in 
having a lower trait  standard deviation without a 
corresponding difference in the trait  mean, just 
like the carnivore community at  Bloomington in 
1900 AD. The outlying island may therefore 
represent communities that have suffered loss of 
functional trait  diversity. That hypothesis is 
supported by the map in Fig. 8B, which shows the 
geographic location of all communities that  fall 
below the dashed line in the ecometric space. Low 
trait  diversity is found primarily in the agricultural 
heartland of the northern American Midwest, 
where the prairie and forest biomes occupying the 
thick glacial soils were converted to fields. Low 
trait  diversity is also found in the densely 
populated eastern seaboard from roughly 
Washington, D. C. to north of Boston, 
Massachusetts, a region that was also originally 
deciduous forest  before first being cleared for 
agriculture, and now being mostly urban. The 
southern Mississippi River Delta region also has a 
significantly low functional trait diversity, as does 
Vancouver Island. The map provides an ecometric 
hypothesis for where anthropogenic changes may 
have driven a loss of functional trait  diversity in 
carnivoran locomotion that may have impacts on 
ecosystems through loss of predator hunting 
strategies. This hypothesis is consistent  with 
observations that the carnivore faunas of the 
Appalachian Mountains and the southeastern US 
were not as profoundly transformed as those in 
the Midwest and northeast  (black bear, for 
example, still ranges through most of the 
Appalachians and in pockets of Florida, North 
Carolina, Georgia, Mississippi, and Alabama, and 
the mountain lion still clings to survival in 
Florida). Our data do not permit this hypothesis to 
be explored further, but  again, this example 

illustrates how ecometrics can be applied not  only 
to the study of Earth-life transitions in the 
geological past, but also how the same kinds of 
data can be applied to the upheavals of the 
Anthropocene.

CONCLUSION

The study of functional traits at  the community 
level offers an opportunity both for reconstructing 
paleoenvironments and for understanding the 
processes by which transitions in Earth systems 
drive changes in the biota. Ecometric approaches 
differ from taxonomic approaches in several 
important  ways, with associated strengths and 
weaknesses. The focus of ecometrics on specific 
traits and their relationship to specific 
environmental factors emphasizes cause and 
effect  processes that can be compared 
quantitatively in the fossil record and modern 
world, as illustrated in the Anthropocene example. 
Furthermore, the functional trait-environment 
relationship can be used to predict the kind of trait 
changes expected from a change in a particular 
environmental parameter. In contrast, taxon-based 
approaches facilitate understanding of whole-
organism processes, but information derived from 
one taxon cannot necessarily be transferred to 
another because each is a unique individual (sensu 
Ghiselin, 1974) with its own amalgamation of 
traits and ecologic relationships. Individual taxa 
are often exceptions to general ecometric patterns 
because the functional relationship of one trait  to 
the environment can be compensated for by other 
traits. Thus, broad environmental sorting is most 
easily studied by focusing on a single trait across 
many taxa rather than a single taxon with many 
traits. But even individual functional traits can 
have a complex re la t ionship wi th the 
environment, as illustrated by the relationship of 
tooth crown height and dietary abrasiveness to 
several indirect environmental factors. The 
complexity of this relationship is important for 
understanding the processes driving biotic 
change, but it  has the potential to confound 
paleoenvironmental reconstructions based on 
traits without adequate methodological controls. 
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